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PREFACE 
This  study  was  initiated  while  the  authors  were  employed  by 
Philco-Ford  Corporation.  Technical  responsibility  for  the  completion 
of the  work and the  preparation of this  report  resides  in  Structures 
Research  Associates  under  subcontract to  Philco-Ford.  The  contribution 





Optimum  design  procedures are developed  for  lightweight,  low 
ballistic  coefficient  entry  capsules of both  sandwich and  ring-stiffened 
construction. These procedures  are  used to obtain  specific  point  designs 
for 120 blunted  cone  and  OA.833  tension  shell  capsule  configurations6 
Aeroshell and base ring  weight  correlations are presented  for  the 120 
sandwich  cones. The effects  of  variation in structural  temperature, 
ballistic  coefficient,  peak  dynamic  pressure,  capsule  size, and structural 
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SYNTHESIS OF OPTIMUM  STRUCTURAL  DESIGNS 
FOR 
CONICAL  AND  TENSION  SHELL 
MARS ENTRY  CAPSULES 
by 
Gerald  A.  Cohen,  Richard M. Foster, and James R. Dowty 
Structures  Research  Associates and  Philco-Ford  Corporation, 
Newport  Beach,  California 
SUMMARY 
Optimum  design  procedures are developed  for  lightweight,  low 
ballistic  coefficient  entry  capsules of both  sandwich and  ring-stiffened 
construction.  Essentially,  the  method  developed  consists of an iteration 
between  design,  based on certain  approximations, and analysis,  evaluating 
and  modifying  these  approximations. The analysis  is  performed by existing 
shell  analysis  computer  programs. The design  step  for  the  ring-stiffened 
capsules  necessitated  the  development  of  a new computer  program.  This 
program  allows  variable  ring  size  and  spacing  distributions,  and  trades 
off  ring  weight  with  shell  skin  weight  to  achieve  minimum  total  weight. 
Using  these  procedures,  specific  capsule  designs  have  been  obtained 
for 120' blunted  cone  and 0A.833 tension  shell  geometries.  These 
designs are based on pressure  and  convective  heating rate distributions 
obtained  analytically  for  out-of-orbit  Martian  entry  trajectories. As is 
consistent  with  the  shroud  limitation f the  Saturn V booster,  the 
designs  have 19 foot  base  diameters.  Ballistic  coefficients  of B = 0.32 
and 0.64 slug/ft2  are  considered, and the  structure  heat  shield  weight 
trade-off  is  studied  by  considering  structural  temperatures of both 300 F 
and 550°F. For  the  conical  geometry,  both  sandwich and  ring-stiffened 
construction  is  treated,  whereas,  for  reasons f fabrication  feasibility, 
only  ring-stiffened  tension  shells  are  considered. 
0 
Comparison  of  the  designs  obtained  reveals  the  following  three  main 
conclusions  of  this  study: 
1) The lower  structural  temperature  is  best - the  reduction  in 
heat  shield  weight in designing  for 550 F does not  compensate  for  the 
increase in structural  weight. 
0 
2 )  Because of minimum face sheet  gage and adhesive  weight 
limitations on the  sandwich cones, optimized  ring-stiffened  construction 
is  lighter  at  the  low  ballistic  coefficient,  whereas  sandwich  construction 
is  lighter  at  the  high  ballistic  coefficient.  Assuming  a  linear 
varirition  of the  nonusable (total structure  plus  heat  shield)  entry 
weight  with  the  ballistic  coefficient in the  range  of 0 . 3 2  5 B 5 0 . 6 4  
slug/ft', it follows  that  for B < 0 . 4 2  slug/ft2, ring-stiffened  con- 
struction is  lighter  than  sandwich  construction. 
3 )  The nonusable  entry  weights €or the  tension  shell  designs 
are generally  greater  than  those  for  the  corresponding  cone  designs. 
tiowever, because  of  their  larger  computed  drag  coefficient  and  consequent 
larger  total  entry  weights,  they  have  significantly  larger  usable  entry 
weights.  Since,  however,  the  flow  field  analysis  does  not  allow  for  the 
possibility of flow  separation,  which  may  occur on the  tension  shell,  the 
tension  shell  results  cannot be considered  as  reliable  as  those  for  the 
conical  capsules. 
in  order  to  bare  the  effects  of  material,  size,  and  peak  dynamic 
pressure  variation, t h e  structural  weights  of  the  low  temperature  sand- 
wich  cones  have  been  correlated  algebraically.  This  correlation  is 
displayed  graphically  with  respect  to  base  diameter  and  dynamic  pressure 
for  aluminum  material,  and  tabularly  with  respect  to  several  materials 
for  typical  values  of  base  diameter  and  dynamic  pressure. 
Additional  pressure and  heat  transfer  distributions  were  obtained 
for  several  other  candidate  aeroshell  shapes,  viz. 140' cone, 60' 
spherical  dish, and  OA.65 tension  shell. 
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INTRODUCTION 
Because  o f  t he  t enuous  na tu re  o f  t he  Mar t i an  a tmosphe re ,  conven t iona l  
e n t r y  c a p s u l e  d e s i g n s  are n o t  a p p l i c a b l e  t o  Mars mis s ions .  As d i s c u s s e d  
i n  R e f e r e n c e  1, v e r y  low b a l l i s t i c  c o e f f i c i e n t s ,  f o r  w h i c h  s t r u c t u r a l  
weight  is a l i m i t i n g  f a c t o r ,  are n e c e s s a r y  t o  meet sys t em requ i r emen t s .  
Under t h e s e  c o n d i t i o n s ,  t h e  a e r o s h e l l  d e s i g n  s i g n i f i c a n t l y  a f f e c t s  t h e  
r e s i d u a l  e n t r y  w e i g h t  a v a i l a b l e  f o r  t h e  l a n d e d  p a y l o a d .  
I n  Reference  2 are p resen ted  several p r e l i m i n a r y  a e r o s h e l l  d e s i g n s  
f o r  o u t - o f - o r b i t  e n t r y  i n t o  t h e  Mars a tmos   here .   These 'des igns ,   which  
are based   on   the   geometr ic   shapes   o f  a 120  cone  and 0 A . 8 3 3  t e n s i o n  
s h e l l ,  r e p r e s e n t  a f i r s t  a t t e m p t  b a s e d  o n  a t r i a l  and  er ror  approach ,  and  
are n o t ,  i n  any  sense,   opt imum.  The  present   s tudy i s  a s e q u e l  t o  
Reference  2 ,  towards   the   goa l  of  ach iev ing   op t imum  aeroshe l l   des ign .   Spec i f -  
i c a l l y ,  t h e  o b j e c t i v e s  of  t h i s  s t u d y  a r e  f o u r f o l d ;  
g 
1) Deve lop   t he   me thodo logy   fo r   op t imum  des ign   o f   l ow  ba l l i s t i c  
c o e f f i c i e n t  e n t r y  c a p s u l e s ,  
2 )  O b t a i n   f o r   M a r t i a n   o r b i t   e n t r y  optimum p o i n t   d e s i g n s   f o r   t h e  
g e o m e t r i c  c o n f i g u r a t i o n s  c o n s i d e r e d  i n  R e f e r e n c e  2 ,  
3 )  I n v e s t i g a t e   t h e   t r a d e - o f f s   r e l a t e d  t o  v a r i a t i o n  i n  s t r u c t u r a l  
t e m p e r a t u r e  a n d  b a l l i s t i c  c o e f f i c i e n t ,  a n d  
4 )  D e v e l o p   p a r a m e t r i c   s t r u c t u r a l   w e i g h t   c o r r e l a t i o n s  - m a n i f e s t i n g  
t h e  e f f e c t s  of s i z e ,  p e a k  d y n a m i c  p r e s s u r e ,  a n d  m a t e r i a l  s e l e c t i o n  - f o r  
u s e  i n  f u t u r e  s y s t e m  s t u d i e s .  
A s  i n   Re fe rence  2 ,  t h e   p o i n t   d e s i g n s   a r e   c o n s e r v a t i v e l y   b a s e d  on peak 
dynamic pressure  l o a d s  a s s o c i a t e d  w i t h  a n  uncon t ro l l ed  tumbl ing  mode e n t r y  
t r a j e c t o r y .   T h e  120° cone pressure  d i s t r i b u t i o n   u s e d  was  computed b y  the  
s t e a d y  s t a t e  method of i n t e g r a l  r e l a t i o n s  and i s  taken  f rom  Reference 2 .  
On t h e   o t h e r   h a n d ,   b e c a u s e   o f   t h e   i n a b i l i t y   o f   t h i s   m e t h o d   t o   t r e a t   t h e  
t e n s i o n  s h e l l  a c c u r a t e l y ,   t h e  0A.833 t e n s i o n   s h e l l   p r e s s u r e   d i s t r i b u t i o n  
was r e c a l c u l a t e d  by a more accurate  computer  program which obtains  the 
s t e a d y  s t a t e  f l o w  a s  a l i m i t i n g  s o l u t i o n  o f  t h e  t r a n s i e n t  f l o w  e q u a t i o n s .  
Only designs which meet t h e  c o n s t r a i n t  of f a b r i c a t i o n  f e a s i b i l i t y  
are cons idered .   However ,   the   p resented   des igns ,   which  are d e f i n e d  i n  
s u f f i c i e n t  d e t a i l  f o r  t h e  p r e d i c t i o n  o f  s t r u c t u r e  a n d  h e a t  s h i e l d  w e i g h t ,  
are n o t  n e c e s s a r i l y  d e f i n e d  i n  t h e  d e t a i l  r e q u i r e d  f o r  a c t u a l  f a b r i c a t i o n .  
T h i s  is p a r t i c . u l a r l y  t r u e  a t  t h e  p a y l o a d  i n t e r f a c e  s i n c e  t h e  p a y l o a d  
i t s e l f ,  is as y e t   u n d e f i n e d .  I t  is  n o t e d   f u r t h e r   t h a t ,   a l t h o u g h   t h e  
e f f ec t  o f  t empera tu re  on  material p r o p e r t i e s  w a s  c o n s i d e r e d ,  t h e  e f f e c t  




















g e n e r a l  i n s t a b i l i t y  c o r r e l a t i o n  f a c t o r  
a x i a l  f o r c e  c o e f f i c i e n t  
d r a g  c o e f f i c i e n t  
r i v e t   d i a m e t e r ,   i n .  
l o c a l  v a l u e  of i n t e r i o r  r i n g  s p a c i n g ,  i n .  
Y o u n g ' s  m o d u l u s ,  p s i ;  o r  t o t a l  f l u i d  e n e r g y ,  BTU/lb 
i n t e r n a l   e n e r g y ,  BTU/lb 
r i v e t e d  f l a n g e  w i d t h ,  i n .  
s t a g n a t i o n  e n t h a l p y ,  BTU/lb 
t h i c k n e s s  o f  2 - s e c t i o n  i n t e r i o r  r i n g ,  i n . ;  
o r   e n t h a l p y ,  BTU/lb 
b a s e  r i n g  moment o f  i n e r t i a  , i n .  4 
m e r i d i o n a l   l e n g t h   o f   t r u n c a t e d   a e r o s h e l l ,   i n .  
i d e a l  c r o s s  s e c t i o n  p e r i m e t e r  of  Z - s e c t i o n  i n t e r i o r  
r i n g ,  i n .  
number o f   i n t e r i o r   r i n g s  
c i r cumfe ren t i a l  ha rmon ic  number 
c r . i t i c a 1  v a l u e  of N 
a x i a l  l o a d ,  l b  
c r i t i c a l  va lue  o f  P f o r  p u r e  a x i a l  l o a d i n g ,  l b  
( c r i t i c a l )  p r e s s u r e ,  p s i  o r  p s f  
c r i t i c a l  va lue  o f  p f o r  p u r e  h y d r o s t a t i c  p r e s s u r e  
l o a d i n g ,   p s i  















maximum  dynamic  pressure,  psf 
cross-sectional  radius  of  tubular  base ring, in. 
radial  distance  from  axis of revolution, in. 
spherical  nose  radius of curvature, ft  or in. 
average  radius  of  curvature, in. 
Reynolds  number 
meridional  distance  from  spherical  nose, ft 
Temperatur?, F or K 0 0 
thickness, in.;  or time, sec 
velocity  components in axial and radial  directions, 
respectively,  fps 
flight  velocity,  fps 
meridional  velocity  component,  fps 
weight, lb 
normal  deflection of buckling mode, in.; 
or  circumferential  velocity  component,  fps 
mole  fraction 
axial  distance  from  spherical  nose,  ft 
axia l  d i s tance  from tension shell base 
distance  measured  along  normal  to  shell surface,  ft 
angle  of  attack,  deg;  or  cone  half-angle,  deg 
ballistic  coefficient , slug/ft2 
specific  heat  ratio 
increase  in  riveted  flange  width  necessary  to 
accommodate  a  rivet, in. 


















( ) "  
c i r cumfe ren t i a l  ang le  measu red  l eeward  p l ane ,  r ad  
l o a d   f a c t   o r  
s t a b i l i t y  f a c t o r  of s a f e t y  
v i s c o s i t y ,   s l u g l f t - s e c  
P o i s s o n ' s  r a t i o  
d e n s i t y ,   s l u g / f t 3  or  l b l i n .  
3 
P c / 2 P f  
v a l u e  a t  b a s e  of c a p s u l e  
c l a s s i c a l  b o u n d a r y  l a y e r  r e s u l t  
p e r t a i n i n g  t o  sandwich  co re ;  o r  c r i t i c a l  v a l u e  
enve lope  va lue  
p e r t a i n i n g  t o  s andwich  f ace  shee t  
v a l u e  a t  p a y l o a d  a t t a c h m e n t  
s t a g n a t i o n  p o i n t  v a l u e  
f r e e  stream v a l u e  
minimum gage  va lue  
6 
FLOW FIELD ANALYSIS 
T h e  p u r p o s e  o f  t h i s  p o r t i o n  of t h e  s t u d y  i s  t o  p r o v i d e  d e s i g n  p r e s s u r e  
a n d  c o n v e c t i v e  h e a t i n g  r a t e  d i s t r i b u t i o n s  f o r  s e v e r a l  c a n d i d a t e  g e o m e t r i c  
s h a p e s   f o r   M a r t i a n   e n t r y   c a p s u l e s .   I n   R e f e r e n c e  2 ,  s t e a d y  s t a t e  f l o w  f i e l d  
s o l u t i o n s  f o r  120°  cone  and 012.833 t e n s i o n  s h e l l  s h a p e s  a t  a n g l e  o f  a t t a c k  
are  obta ined   by  a f i r s t   a p p r o x i m a t i o n   i n t e g r a l   r e l a t i o n s   m e t h o d .   A l t h o u g h  
t h i s  method i s  a d e q u a t e   f o r   t h e   c o n e ,  i t  i s  i n a d e q u a t e   f o r   t h e   t e n s i o n   s h e l l ,  
o n w h i c h   t r i p l e   p o i n t   b i f u r c a t e d   s h o c k s   o c c u r .  The r e s u l t s  p r e s e n t e d   h e r e  
a r e  b a s e d  o n  a more ve r sa t i l e  compute r  p rogram which  ob ta ins  s t eady  s t a t e  
s o l u t i o n s  b y  s o l v i n g  t h e  t r a n s i e n t  f l o w  f i e l d  e q u a t i o n s  a t .  i n c r e a s i n g  v a l u e s  
of  time u n t i l   s t e a d y   s t a t e   c o n d i t i o n s   a r e   r e a c h e d .   T h e   a c c u r a c y   o f   t h i s   p r o -  
gram i s  demonst ra ted   in   the   Appendix ,   g iv ing  a compar ison   of   f low  f ie ld   so lu-  
t i o n s  w i t h  e x p e r i m e n t  f o r  120° cones a t  z e r o  and l o o  a n g l e  o f  a t t a c k .  
Us ing   th i s   p rogram t h e  t e n s i o n  s h e l l  p r e s s u r e  d i s t r i b u t i o n  o f  R e f e r e n c e  2 
was r e c a l c u l a t e d .   A d d i t i o n a l   f l o w   f i e l d   s o l u t i o n s   f o r   b o t h   s h a p e s   a t   z e r o  
a n g l e  o f  a t t a c k  were a l s o  o b t a i n e d  i n  o r d e r  t o  d e t e r m i n e  c o n v e c t i v e  h e a t i n g  
r a t e   d i s t r i b u t i o n s .   I n   o r d e r   t o  examine   t he   e f f ec t   o f   con f igu ra t ion   va r i a t ions  
on  aerodynamic  per formance ,zero  angle  of  a t t a c k  pressure  and  convec t ive  hea t -  
i n g  r a t e  d i s t r i b u t i o n s  were o b t a i n e d  f o r  t h r e e  m o r e  b l u n t  s h a p e s ,  v i z .  
140' cone ,  60' s p h e r i c a l   d i s h ,   a n d   a n  OA.65 t e n s i o n   s h e l l ,   I n   a l l   t h e s e   c a l -  
c u l a t i o n s  t h e  M a r t i a n  a t m o s p h e r e  was  assumed to  be  100 pe rcen t  C 0 2  and r e a l  
g a s   e f f e c t s  were inc luded .  Low Reynolds number e f f e c t s   w e r e   i n c l u d e d  i n  t h e  
c o n v e c t i v e  h e a t i n g  a n a l y s i s .  
Pressure Loads 
Ana ly t i ca l  me thods .  - T h e  p r i m a r y  a s s u m p t i o n  i n  t h e  f l o w  f i e l d  c a l c u l a t i o n  
i s  t h a t   t h e   s h o c k   l a y e r   f l u i d  i s  i n v i s c i d .  The f r e e   s t r e a m   d e n s i t i e s   a s s o c i a t e d  
w i t h  t h e  m o d e l  M a r t i a n  a t n o s p h e r e  a r e  q u i t e  low  and r a r e f i e d  g a s  e f f e c t s  s i g n i -  
f i c a y t l y  i n f l u e n c e  s h e a r  stress and  convec t ive  hea t ing  ove r  l a rge  po r t ions  o f  
t h e   t r a j e c t o r y .  A t  peak   aerodynamic   loading   condi t ions ,   however ,   the   na jor i ty  
o f   t he   shock   l aye r  i s  inv i sc id   and   t he   ae rodynan ic   d rag  i s  d u e  t o  p r e s s u r e  
f o r c e s .  
Direct s t e a d y  s t a t e  s o l u t i o n s  o f  t h e  b l u n t  body i n v i s c i d  f l o w  f i e l d s  were 
o b t a i n e d   w i t h  a f i n i t e   d i f f e r e n c e   t r a n s i e n t   f l o w   c o m p l l t e r   p r o g r a m .  The b a s i c  
idea   o f   t he   t ime-dependen t   t echn ique ,   a s   sugges t ed   by   von  Neumann (Ref .  3 )  i s  
t o  c o n s i d e r  t h e  u n s t e a d y  f l o w  e q u a t i o n s  a n d  t o  f o l l o w  t h e  e v o l u t i o n  o f  f l o w  
i n  t i m e  u n t i l  i t  se t t les  down to  a s t e a d y   p a t t e r n .   T h i s   p r o c e d u r e   h a s   t h e  
a d v a n t a g e  t h a t  t h e  s t e a d y  i n v i s c i d  m i x e d  e l l i p t i c - h y p e r b o l i c  p a r t i a l  d i f f e r e n -  
t i a l  e q u a t i o n s  t h a t  d e s c r i b e  t h e  s u b s o n i c  a n d  t r a n s o n i c  f l o w  f i e l d  a r e  
h y p e r b o l i c  when t h e  time terms a re   added .   Thus ,   t he   comple t e   f l ow  f i e ld  may 
b e  t r e a t e d  a s  a n  i n i t i a l  v a l u e  p r o b l e m ,  a n d  t h e  d i f f i c u l t  m u l t i p l e  s a d d l e  p o i n t  
b o u n d a r y  v a l u e  p r o b l e m  a s s o c i a t e d  w i t h  h i g h e r  o r d e r  i n t e g r a l  s o l u t i o n s  a n d  t h e  
b o d y   g e o m e t r y   l i m i t a t i o n s   o f   i n v e r s e   m e t h o d s   a r e   a v o i d e d .   I n   a d d i t i o n ,   t h e  
i m b e d d e d  s h o c k s  a s s o c i a t e d  w i t h  t h e  t r i p l e - p o i n t  f l o w  c o n d i t i o n s  o n  t h e  t e n s i o n  
s h e l l  a r e  c a l c u l a t e d  a u t o m a t i c a l l y  i n  t h e  t r a n s i e n t  m e t h o d  a n d  s h o c k  f i t t i n g  
i s  n o t  r e q u i r e d .  
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The t r a n s i e n t  p r o g r a m  f o l l o w s  t h e  e v o l u t i o n  i n  time o f  a s p e c i f i e d  r e g i o n  
of t h e  f l o w  f i e l d  u s i n g  t h e  n u m e r i c a l  m e t h o d  d e v e l o p e d  b y  Godunov (Ref .  4 ) .  
The r e g i o n  of i n t e g r a t i o n  i s  assumed t o  b e  bounded  by t h e  b o d y ,  t h e  d e t a c h e d  
bow shock wave,  the axis  of  symmetry of the  body,  and  a dodnstrea-n surface 
a c r o s s  w h i c h  t h e r e  i s  no  upstream  inf luence.   The  body  and  shock  wave  prof i les  
are approximated by s t r a i g h t  l i n e  s e g m e n t s  a n d  t h e  r e g i o n  o f  i n t e g r a t i o n  
d i v i d e d  i n t o  a mesh o f  q u a d r i l a t e r a l  ce l l s .  
The i n i t i a l  f l o w  f i e l d  i s  u s u a l l y  s p e c i f i e d  by l i n e a r  i n t e r p o l a t i o n  b e t w e e n  
f low variables  behind an assumed shock and body values  determined by a Newtonia2 
p r e s s u r e   d i s t r i b u t i o n .  T h e   e v o l u t i o n   o f   t h i s   f l o w   f i e l d  i s  f o l l o w e d   i n  time by 
i n t e g r a t i o n  o f  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  t o  t h e  E u l e r i a n  c o n s e r v a t i o n  
l a w s  w i t h i n  t h e  f l o w  f i e l d  a n d  a p p l i c a t i o n  o f  t h e  R a n k i n e - H u g o n i o t  r e l a t i o n s  
f o r  a moving  shock to   de t e rmine   t he   shock   boundary   mo t ion .  The f l o w   f i e l d   a n d  
r e g i o n  o f  i n t e g r a t i o n  t h u s  c h a n g e s  i n  time i n  a c c o r d a n c e  w i t h  t h e  f u l l  e q u a t i o n s  
of   mot ion .  When t h e   f l o v   f i e l d   a p p r o a c h e s   s t e a d i n e s s ,  i t  s a t i s f i e s   t h e  fill1 
se t  of s t eady   s t a t e   equa t ions   o f   mo t ions .   The   me thod  i s  d e s c r i b e d   i n   d e t a i l  
i n  R e f e r e n c e  5 .  
The a n g l e  o f  a t t a c k  c a l c u l a t i o n  is  made by  aa  approx ima te  so lu t ion  o f  t he  
u n s t e a d y   t h r e e - d i m e n s i o n a l   i n v i s c i d   c o n s e r v a t i o n   e q u a t i o n s .  A s  i n  t h e  c a s e  o f  
the  two-dimensional  program,  Godunov's  method i s  u s e d  t o  o b t a i n  a s t a b l e  f i n i t e  
d i f f e r e n c e   a p p r o x i m a t i o n   t o   t h e  t i m e  dependent   equat ions  of   motion.   The  con-  
p u t a t i o n  i s  c a r r i e d  o u t  b y  p e r f o r m i n g  c a l c u l a t i o n s  s i m i l a r  t o  t h o s e  i n  t h e  two- 
dimensional program in both the windward and leeward planes of symmetry of the 
f l o w  f i e l d .  A c r o s s f l o w   a p p r o x i m a t i o n   c o u p l e s   t h e  two co .nputa t iona1   p lanes .  
I n  t h e  p r e s e n t  s i m p l i f i e d  c r o s s f l o w  a p p r o x i m a t i o n ,  t h e  f l o w  v a r i a b l e s  a r e  
assumed t o  v a r y  s i n u s o i d a l l y  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n ,  and  the  program 
i s  l i m i t e d  t o  s m a l l  a n g l e s  o f  a t t a c k .  
The 100 p e r c e n t  C O Z Y  5 mb s u r f a c e   p r e s s u r e  V"8 model  atmosphere was 
a s s u m e d   t o   c h a r a c t e r i z e   t h e   f r e e   s t r e a m   p r o p e r t i e s .   R e a l   g a s   a n d   n o n e q u i i i b r i u m  
c h e m i s t r y   e f f e c t s  were inc luded   i n   t he   f l ow f i e l d  s o l u t i o n .   A c r o s s   t h e  bow 
s h o c k ,   t h e   r o t a t i o n a l   a n d   v i b r a t i o n a l   i n t e r n a l   e n e r g y  modes were  assumed  to 
b e  f u l l y  e q u i l i b r a t e d  w i t h  t h e  t r a n s l a t i o n a l  mode, w h i l e  t h e  c h e m i c a l  s p e c i e s  
were a s s u m e d   t o   b e   f r o z e n   a t   t h e   f r e e  stream c o n c e n t r a t i o n s ,  i . e . ,  100 p e r c e n t  
C O 2 .  The  assumption  of  e q u i l i b r i u m  i n t e r n a l   d e g r e e s  of f reedom  for  C 0 2  and 
0 2  normal   shocks   has   been   ver i f ied   exper imenta l ly   (References  7 and 8 )  and i s  
a good a s s u m p t i o n   f o r   t h e s e   c a s e s .  A t  t h e   s t a g n a t i o n   p o i n t ,   t h e  f l u i d  was 
assumed  to b e  in   thermochemical   equi l ibr ium.  Along  the  body,  i t  was  found t h a t  
t h e  c h a r a c t e r i s t i c  f l o w  time i s  much s h o r t e r  t h a n  t h e  c h a r a c t e r i s t i c  c h e m i c a l  
r e a c t i o n  time and   hence ,   the   chemis t ry  was t r e a t e d  a s  f r o z e n  a t  t h e  s t a g n a -  
t i o n   e q u i l i b r i u m   s p e c i e s   c o n c e n t r a t i o n s .   T h e   v a l u e   o f  Y c h a r a c t e r i z i n g   t h e  
s h o c k  d e n s i t y  r a t i o  i s  approximate ly  1 . 1 7 ,  w h i l e  t h e  f r o z e n  c h e m i s t r y  i s e n -  
t rop ic   exponent  Y on the  body a t   he   peak   dynamic  pressure c o n d i t i o n  is  1.18. 
T h u s ,   t h e   i s e n t r o p i c   e x p o n e n t   a p p r o x i m a t i n g   t h e   r e a l   g a s   c h e m i s t r y   c o n d i t i o n s  
i n   t h e   s h o c k   l a y e r  i s  nea r ly   cons t an t .   Because   o f   t he   f rozen   chemis t ry   con-  
d i t i o n s   i n   t h e   s h o c k   l a y e r ,   t h e  pressure d i s t r i b u t i o n s  a r e  e s s e n t i a l l y  i n d e -  
pendent   of   body  s ize   and  thus  can b e  s ca l ed  fo r  s imi l a r  body  shapes .  
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The s t e a d y  s t a t e  f l o w  f i e l d  s o l u t i o n s  o b t a i n e d  w i t h  t h e  t r a n s i e n t  c o m p u t e r  
p rogram have  been  conpa red  wi th  expe r imen t s  and  found  to  g ive  a lmos t  i den t i ca l  
r e s u l t s   ( R e f .  5). A compar ison   of   theory   wi th   120°   cone   exper iments   (Ref .  6) 
a t  z e r o  a n d  f i n i t e  a n g l e  o f  a t t a c k  i s  p resen ted  in  the  Append ix .  
"- R e s u l t s .  - T h e   z e r o   a n g l e   o f   a t t a c k   b o d y   p r e s s u r e   d i s t r i b u t i o n  a?d shock 
l a y e r  p r o p e r t i e s  were c a l c u l a t e d  f o r  p e a k  d y n a m i c  p r e s s u r e  c o n d i t i o n s  f o r  b l u n t  
1200 and 1400 cones ,  OA.65 and 041.833 b l u n t  t e n s i o ?  s h e l l  c o n f i g u r a t i o n s ,  a n d  
a 60° s p h e r i c a l  d i s h .  T h e  f r e e  stream a n d  s t a g n a t i o n  p o i n t  p r o p e r t i e s  u s e d  i n  
these c a l c u l a t i o n s  a r e  shown i n  T a b l e  I .  T h e s e  c o r r e s p o n d  t o  o r b i t  mode e n t r y  
w i t h  a b a l l i s t i c  c o e f f i c i e n t  of 0 . 3 2  s l u g / f t 2 .  A d d i t i o n a l l y ,  a n  a n g l e  o f  a t t a c k  
c a l c u l a t i o n  was made f o r  t h e  0A.833 b l u n t  t e n s i o n  s h e l l .  
120 sphere-cone:  T h e  shock  shape  and body p r e s s u r e   d i s t r i b u t i o n   f o r   t h e  
120 c o n e   a r e  shown i n   F i g u r e  1. The .bow shock i s  c o n c e n t r i c   w i t h   t h e  body i n  
t h e   r e g i o n   o f   t h e   n o s e   a n d   t h e   f l o w   f i e l d  i s  l o c a l l y   s u b s o n i c .  The s o n i c  l i n e  
p o s i t i o n  i s  v e r y  s imi la r  t o  t h e  h e m i s p h e r i c a l  b l u n t  body case  and  extends  f rom 
bow shock   t o   t he  body i n  t h e   r e g i o n   o f   t h e   s p h e r e - c o n e   j u n c t i o n .  The s o n i c  
l i ne   does   no t   ac tua l ly   t ouch   t he   body ,   bu t   runs   f rom  the   sphe re -cone   j unc t ion  
t o  t h e  b a s e  r o u g h l y  p a r a l l e l  t o  t h e  c o n e  s u r f a c e  a t  a d i s t a n c e  a p p r o x i m a t e l y  
5 p e r c e n t   o f   t h e   s t a n d o f f   d i s t a n c e .   T h e   f l o w   i n   t h e   c o n i c a l   p o r t i o n   o f   t h e  
shock   layer  i s  a l m o s t   e n t i r e l y   s u p e r s o n i c .   T h e   s l i g h t   c o n c a v i t y   i n   t h e  bow 
s h o c k  j u s t  a f t  o f  s p h e r e - c o n e  j u n c t i o n  i s  produced by t h e  r e f l e c t i o n  o f  com- 
pression  waves  emanat ing  f rom  the  sphere-cone  region.  
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I n  F i g u r e  1 ,  t h e  c o n e  p r e s s u r e  a s  a f u n c t i o n  o f  t h e  r a t i o  o f  l o c a l  body 
r a d i u s  t o  b a s e  r a d i u s  i s  a l s o  shown.  The  two p rominen t   f ea tu re s   o f   t he   p re s su re  
d i s t r i b u t i o n  a r e  t h e  r a p i d  d e c r e a s e  i n  p r e s s u r e  r e c o v e r y  a t  the   sphere-cone  
j u n c t i o n   a n d   t h e   p r e s s u r e   p l a t e a u   i n   t h e   c o n i c a l   r e g i o n .  The p r e s s u r e  d i s t r i -  
b u t i o n  i n  t h e  n o s e  r e g i o n  i s  s i m i l a r  t o  a hemisphe r i ca l  shock  l aye r  r e su l t  and  
t h e  p r e s s u r e  p l a t e a u  i n  t h e  c o n i c a l  r e g i o n  i s  s imilar  t o  a po in ted   cone   super -  
s o n i c   f l o w   r e s u l t .  I t  i s  seen  that   the   Newtonian  f low  model ,   which i s  a low Y 
l i m i t  o f  t h e  h y p e r s o n i c  i n v i s c i d  f l o w  f i e l d  e q u a t i o n s ,  p r o v i d e s  a u s e f u l  
a p p r o x i m a t i o n  i n  t h e  n o s e  r e g i o n  p r e s s u r e  d i s t r i b u t i o n  b u t  i s  i n  e r r o r  i n  t h e  
c o n i c a l   r e g i o n .  The d r a g   c o e f f i c i e n t   o b t a i n e d   f r o m  t h e  p r e s s u r e   d i s t r i b u t i o n  
on  the 120° sphere-cone i s  1 .47 .  
OA.833 t e n s i o n   s h e l l :   T h e  OA.833 t e n s i o n   s h e l l   i n v i s c i d   s h o c k   s h a p e   a n d  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  a r e  shown i n   F i g u r e  2 .  I n   t h e   n o s e   r e g i o n ,   t h e  
flow i s  subsonic   and  the  shock  layer  i s  similar t o   t h a t   o f  a hemispherical   body 
A f t   o f   t h e   j u n c t i o n   o f   t h e   s p h e r i c a l   c a p   a n d   t e n s i o n   s h e l l ,  the s h o c k   l a y e r  
flow i s  s u p e r s o n i c   e x c e p t   f o r  a nar row  reg ion   of   h igh   en t ropy   subsonic   f low 
a d j a c e n t   t o   t h e  body s u r f a c e .   T h e   s h o c k   l a y e r   f l o w   d e c e l e r a t e s   i n   t h i s   r e g i o n  
because  of   the  concave  shape  of   the  body.   Approximately  two-thirds   of   the  way 
a long   the   body,  a shock   t r i p l e   po in t   occu r s   and   t he   f l ow  in   t he   shock   l aye r  
a f t  o f  t h i s  p o i n t  i s  a l l  s u b s o n i c  u n t i l  a f low  expans ion   occurs  a t  t h e  b a s e  
c o r n e r .   N o t e   t h a t   t h e   s o n i c   l i n e  i s  c o n t i n u o u s ,   s i n c e  i t  s t a r t s  a t  t h e  bow 
s h o c k ,  c o n n e c t s  w i t h  t h e  t r i p l e - p o i n t  imbedded  shock,   and  re turns   to   the bow 
shock .   The   co rne r   son ic   l i ne  i s  c o n t i n u o u s   a l s o ,   b u t  a base  region  and  wake 
n e c k  c a l c u l a t i o n  w o u l d  b e  r e q u i r e d  to show t h e  s o n i c  l i n e  p o s i t i o n .  
9 
F 
T h e  t r i p l e - p o i n t  s h o c k  a n d  s l i p l i n e  flow c o n f i g u r a t i o n  i s  c a l c u l a t e d  
a u t o m a t i c a l l y   b y  the t rans ien t  f i n i t e   d i f f e r e n c e   m e t h o d .   T h e  embedded  shock 
and s l i p l i n e  are smeared  over  three o r  f o u r  c e l l s ,  and a f i n e r  g r i d  s i z e  t h a n  
was used i s  r e q u i r e d  t o  o b t a i n  n e a r  d i s c o n t i n u o u s  s h o c k  a n d  s l i p l i n e  p r o p e r t i e s .  
I f  s u c h  d e t a i l  i s  r e q u i r e d  a t  a l a t e r  d a t e ,  t h e  f l o w  i n  t h i s  r e g i o n  s h o u l d  b e  
r e c a l c u l a t e d  w i t h  a f i n e r  g r i d  s i z e .  
The s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  i s  s imilar  t o  Newtonian i n  t h e  n o s e  
r e g i o n ,   T h e   s u p e r s o n i c   f l o w   d e c e l e r a t e s   a l o n g   t h e   t e n s i o n   s h e l l   a n d  a l a r g e  
p o s i t i v e   p r e s s u r e   g r a d i e n t   r e s u l t s .   T h e   f l o w   a f t  of  t h e  t r i p l e  p o i n t  i s  a11 
s u b s o n i c ,  a n d  t h e  p r e s s u r e  l e v e l  i s  c o n s t a n t  a n d  h i g h e r  t h a n  a t  t h e  s t a g n a t i o n  
p o i n t .   T h i s  phenomena o f   h i g h   p r e s s u r e   r e c o v e r y   i n   t h e   b a s e   r e g i o n   h a s   b e e n  
o b s e r v e d   e x p e r i m e n t a l l y   f o r  less  b l u n t  t e n s i o n  s h e l l s  t e s t e d  i n  a i r  ( R e f .  9 ) .  
The h i g h  p r e s s u r e  r e c o v e r y  r e s u l t s  f r o m  t h e  f a c t  t h a t  t h e  s t a g n a t i o n  p r e s s u r e  
o f  t h e  s u p e r s o n i c  s h o c k  l a y e r  i s  c h a r a c t e r i z e d  by an   ob l ique   shock   en t ropy   and ,  
h e n c e ,   t h i s   s t a g n a t i o n   p r e s s u r e  i s  cons ide rab ly   l a rge r   t han   t he   no rma l   shock  
v a l u e  . 
T h e  a s s u m p t i o n  t h a t  t h e  f l o w  o v e r  t h e  t e n s i o n  s h e l l  i s  i n v i s c i d  d u r i n g  
M a r t i a n   e n t r y  may not   be  val id .   The  combinat ion  of   the  low  Reynolds   numbers  
a s s o c i a t e d  w i t h  t h e  M a r t i a n  e n t r i e s  a n d  t h e  l a r g e  p o s i t i v e  p r e s s u r e  e x h i b i t e d  
i n  t h e  t e n s i o n  s h e l l  i n v i s c i d  f l o w  f i e l d  r e s u l t  m a k e s  i t  h i g h l y  p r o b a b l e  t h a t  
a v i s c o u s  s e p a r a t e d  s h o c k  l a y e r  f l o w  w o u l d  e x i s t  o n  t h e  t e n s i o n  s h e l l  d u r i n g  
a l a r g e   p o r t i o n   o f   e n t r y   t r a j e c t o r y .  The i n v i s c i d   c a l c u l a t i o n  i s  u s e f u l ,  
however ,  s ince  i t  r e p r e s e n t s  a n  u p p e r  bound on t he  magn i tude  o f  t he  body 
p r e s s u r e s .  It  wou ld   be   u se fu l   t o  make a n   a c c u r a t e  low  Reynolds  number v i s -  
c o u s   c a l c u l a t i o n ,   b u t   p r e s e n t l y  i t  i s  n o t   p o s s i b l e .   T h e   e f f e c t   o f   v i s c o u s  
f low sepa ra t ion  wou ld  be  to  make t h e  m a j o r i t y  o f  t h e  s h o c k  l a y e r  s u b s o n i c ,  
h e n c e ,   s m o o t h i n g   o u t   h e   p r e s s u r e   g r a d i e n t s .  The r e s u l t i n g   d r a g   c o e f f i c i e n t  
wou ld  be  s ign i f i can t ly  lower  than  the  1 .78 v a l u e  o b t a i n e d  f r o m  t h e  i n v i s c i d  
f l o w  f i e l d  c a l c u l a t i o n .  
u ~ . t ( ; l j  t e n s l o n  sneLL a c   a n g l e   o f   a t t a c k :   I n   R e f e r e n c e  2 ,  a n   a t t e m p t  was 
made t o  c a l c u l a t e  t h e  p r e s s u r e  l o a d i n g  f o r  t h e  t e n s i o n  s h e l l  a t  1 Z 0  a n g l e  of 
a t t a c k .   T h i s   c a l c u l a t i o n  was  made f o r  t h e  peak   dynamic   p re s su re   cond i t ions  
a s s o c i a t e d  w i t h  a c r i t i c a l  f a i l u r e  t u m b l i n g  mode t r a j e c t o r y  i n  t h e  V M - 8  model 
a tmosphe re .   These   cond i t ions   a r e  shown i n   T a b l e  11. A computer  program  based 
o n  t h e  m e t h o d   o f   i n t e g r a l   r e l a t i o n s  was u s e d   t o  make t h e   c a l c u l a t i o n .   A l t h o u g h  
t h e  r e s u l t s  o b t a i n e d  i n  t h e  windward  plane a r e  r e a s o n a b l e ,  i t  was found t h a t  a 
t r i p l e  p o i n t  e x i s t e d  i n  t h e  l e e w a r d  p l a n e  a n d  i t  was n o t  p o s s i b l e  t o  c a l c u l a t e  
o r  make a n  a c c u r a t e  estimate o f  t h e  l e e w a r d  f l o w  w i t h o u t  a more a c c u r a t e  
computer  program.  Therefore,  t h e  t r a n s i e u t   f l o w   f i n i t e   d i f f e r e n c e   c o m p u t e r  
p r o g r a m ,   w h i c h   c a l c u l a t e s   t r i p l e   p o i n t s   a n d  embedded s h o c k s   a u t o m a t i c a l l y ,   w a s  
u s e d   t o   r e c a l c u l a t e   t h e   a n g l e  o f  a t t a c k   f l o w   f i e l d .   T h e   s h o c k   c o n f i g u r a t i o n  
a n d   t h e   p r e s s u r e   d i s t r i b u t i o n   o b t a i n e d  a r e  shown i n   F i g u r e  3 .  I n  t h e  windward 
p l a n e ,  t h e  s h o c k  a n d  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  n o s e  r e g i o n  a re  similar t o  
a hemisphe r i ca l  body r e s u l t .  The  f low i s  t r a n s o n i c   i n   t h e   s p h e r i c a l   c a p  
t e n s i o n  s h e l l  j u n c t i o n  r e g i o n ,  a n d  a weak t r i p l e  p o i n t  a t  t h e  bow shock i s  
noted .  A f t  of  t h e   j u n c t i o n ,   t h e  flow i n  t h e  windward p l a n e  i s  subsonic   and  
t h e  p r e s s u r e  d i s t r i b u t i o n  i s  a t  a c o n s t a n t  l e v e l ,  a p p r o x i m a t e l y  e q u a l  t o  t h e  
s t a g n a t i o n  p o i n t  p r e s s u r e .  
10 
- 
In  t h e  l e e w a r d  p l a n e ,  t h e  s h o c k  layer f l o w  b e c o m e s  s o n i c  j u s t  p r i o r  t o  
t h e  s p h e r i c a l  c a p  t e n s i o n  s h e l l  j u n c t i o n .  T h e  s h o c k  l a y e r  f l o w  is  a c c e l e r a t e d  
t o  s u p e r s o n i c  v e l o c i t i e s  a n d  t h e n  is compressed i n  the i n i t i a l  c o n c a v e  r e g i o n  
Of  the  t e n s i o n  s h e l l .  A g r a d u a l  p r e s s u r e  rise o c c u r s  up t o  t h e  t r i p l e  p o i n t .  
A Shock emanating from the t r i p l e  p o i n t  p r o d u c e s  an a b r u p t  increase i n  p r e s s ' a e .  
A f t  o f  t h e  t r i p l e  p o i n t ,  t h e  s h o c k  layer f low is  subsonic  and a p r e s s u r e  p e a k  
of 1 - 7 2  times t h e  s t a g n a t i o n  p o i n t  p r e s s u r e  i s  p r e d i c t e d .  I n  t h e  c o r n e r  r e g i o n ,  
t h e  s h o c k  l a y e r  f l o w  accelerates and an a b r u p t  d e c r e a s e  i n  p r e s s u r e  o c c u r s .  
The a x i a l  f o r c e  c o e f f i c i e n t  CA f o r  t h e  OA.833 t e n s i o n  s h e l l  a t  a n g l e  o f  
a t t a c k  was c a l c u l a t e d  t o  b e  1.80. T h e   l a r g e   p o s i t i v e   p r e s s u r e   g r a d i e n t s   f o u n d  
i n  t h e  l e e w a r d  p l a n e  s u g g e s t ,  t h a t  f o r  t h e  Martian e n t r i e s ,  t h e  f l o w  may 
s e p a r a t e   i n   l e e w a r d   p l a n e .   S e p a r a t i o n   w o u l d   e l i m i n a t e   t h e   p o s i t i v e   p r e s s u r e  
g r a d i e n t s  p r e d i c t e d  b y  t h e  i n v i s c i d  f l o w  m o d e l  a n d  w o u l d  a l s o  s i g n i f i c a n t l y  
reduce   the   d rag .   However ,   the   inv isc id   ca lcu la t ion   provides   an   upper   bound 
o n  , t h e  m a g n i t u d e  o f  t h e  s u r f a c e  p r e s s u r e  t h a t  may e x i s t  d u r i n g  t h e  h i g h e s t  
Reynolds number p h a s e   o f   t h e   t r a j e c t o r y .  A low Reynolds  number a n g l e   o f  
a t t a c k  s h o c k  l a y e r  c a l c u l a t i o n  i s  beyond  the  p re sen t  s t a t e  o f  t he  a r t  and  i s  
n o t  p o s s i b l e  a t  t h i s  t i m e .  
08.65 t e n s i o n   s h e l l :  The OA.65 t e n s i o n   s h e l l   s h o c k   s h a p e   a n d   s u r f a c e  
p r e s s u r ?  d i s t r i b u t i o n  i s  shown i n   F i g u r e  4 .  The   f low  f i e ld  i s  q u a l i t a t i v e l y  
similar t o  t h e  OA.833 t e n s i o n  s h e l l  r e s u l t  and t h e  same g e n e r a l  d e s c r i p t i v e  
d i s c u s s i o n  i s  app l i cab le .   The   ma in   d i f f e rence   be tween   t he  two t e n s i o n   s h e l l  
c o n f i g u r a t i o n s  i s  t h a t   t h e  OA.65 i s  more b l u n t   t h a n   t h e  OA.833. As a r e s u l t ,  
t h e  t r i p l e  p o i n t  and   the   h igh   pressure   reg ion   in   the  0A.833 c a s e  a r e  p o s i t i o n e d  
f u r t h e r  a f t  and  cover a sma l l e r   a r ea   t han   t he  OA.65 conf igu ra t ion .   The  OA. 65 
p r e s s u r e   l e v e l   i n   t h e  a f t  r e g i o n   o f   t h e   t e n s i o n   s h e l l  i s  s l i g h t l y   l o w e r   t h a n  
the  0A.833 c a s e ,  b u t  t h e  i n c r e a s e d  a r e a  o v e r  w h i c h  t h e  p r e s s u r e  a c t s ,  more 
t h a n  c o m p e n s a t e s ,  r e s u l t i n g  i n  a h i g h e r  d r a g  c o e f f i c i e n t  (CD = 1.86). 
I t  i s  no ted   t ha t   t he   numer i ca l   g r id   space   u sed   i n   t he  OA.65 c a l c u l a t i o n  
i s  c o n s i d e r a b l y   l a r g e r   t h a n   t h a t   i n   t h e  0A.833 c a l c u l a t i o n .  AS a r e s u l t ,  i t  
Was n o t  p o s s i b l e  t o  p l o t  t h e  s o n i c  l i n e  a s s o c i a t e d  w i t h  t h e  t h i n  h i g h  e n t r o p y  
layer   near   the   body.  
140 sphere-cone:  The bow shock  and  the body p r e s s u r e   d i s t r i b u t i o n   f o r  0 
the  1400 c o n e   a r e  shown i n   F i g u r e  5. I n   c o n t r a s t   t o   t h e  120° cone   ca se ,  
t he   shock   l aye r  i s  comple t e ly   subson ic   and   t he   son ic   l i ne  i s  l o c a t e d   i n   t h e  
base   reg ion .   The   pressure   l eve l   on   the  body i s  cons ide rab ly   h ighe r   t han   t he  
1200 c o n e   c a s e   a s  i s  t h e   d r a g   c o e f f i c i e n t  (CD = 1 . 7 0 ) .  
S p h e r i c a l   d i s h :  The bow s h o c k   a n d   s u r f a c e   p r e s s u r e   f o r   t h e   s p h e r i c a l  
d i s h  a r e  shown i n  F i g u r e  6 .  The bow shock i s  n e a r l y   c o n c e n t r i c   w i t h   t h e  body 
e x c e p t   i n   t h e   r e g i o n   o f   t h e   c o r n e r .  A t  t h e   c o r n e r   p o s i t i o n ,   t h e   s o n i c   l i n e  
e x t e n d s  i n  a normal   direct ion  f rom  the  body  and  curves   upstream  to   the bow 
shock.  
For  compara t ive  purposes ,  the  Newton-Busemann and  modified  Newtonian 
p r e s s u r e   d i s t r i b u t i o n s   a r e   a l s o   i n c l u d e d   i n   F i g u r e  6.  The Newton-Busemann 
model i s  a b e t t e r  a p p r o x i m a t i o n  o f  t h e  s p h e r i c a l  d i s h  p r e s s u r e  d i s t r i b u t i o n  
than   t he   mod i f i ed   Newton ian   r e su l t .  Both of  these   approximate   models  are  i n  
e r r o r ,  h o w e v e r ,  i n  t h e  r e g i o n  o f  t h e  c o r n e r  w h e r e  a l o c a l  a c c e l e r a t i o n  o f  t h e  
f low occur s .  
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Convective H e a t i n g  R a t e  D i s t r i b u t i o n s  
The convective hea t ing  r a t e  d i s t r i b u t i o n s  a t  t he  f r e e  stream c o n d i t i o n s  
c o r r e s p o n d i n g  t o  peak  dynamic  pressure  (see T a b l e  I) have b e e n  d e t e r m i n e d  f o r  
the 120°  and 140' sphere-cone,  t h e  OA.65 and OA.833 t e n s i o n  s h e l l ,  a n d   t h e  
s p h e r i c a l  d i s h  c a p s u l e  c o n f i g u r a t i o n s .  
A n a l y t i c a l  m e t h o d s .  - T h e  c o n v e c t i v e  h e a t  t r a n s f e r  c a l c u l a t i o n s  a r e  
c o m p l i c a t e d  by t h e  e f f e c t s  o f  l o w  R e y n o l d s  n u m b e r s ,  s i g n i f k a n t  q u a n t i t i e s  o f  
C 0 2  i n   t h e   b o u n d a r y   l a y e r ,   a n d   d i s s o c i a t i o n  of t h e   b o u n d a r y   l a y e r   g a s e s .  A 
s u r v e y  o f  a p p l i c a b l e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  l o w  Reynolds  number  shock 
l a y e r  s t u d i e s  i n d i c a t e s  a w i d e  v a r i a t i o n  i n  t h e  m e t h o d  o f  s o l u t i o n ,  t h e  g a s  
mode l s ,  and  the  a s sumed  f r ee  stream c o n d i t i o n s  w i t h  a c o r r e s p o n d i n g  l a r g e r  
V a r L a t i o n   i n   t h e   p r e d i c t e d   m a g n i t u d e   o f   " r a r e f i e d   r e g i m e   e f f e c t s " .  A t  p r e s e n t  
o n e  o f  t h e  most g e n e r a l  a n d  y e t  d e f i n i t i v e  s t u d i e s  o f  r a r e f i e d  g a s  r e g i m e s  i s  
t h a t   g i v e n  by Goldberg  (Ref.  10) .  I n   t h i s   s t u d y ,   . n o n s i m i l a r   h y p e r s o n i c  con- 
t i l l u u m  f l o w  f i e l d  s p h e r i c a l  c a p  s o l u t i o n s  were o b t a i n e d . f o r  a flow  model  which 
i s  a p p l i c a b l e   t h r o u g h   t h e   i n c i p i e n t   m e r g e d   l a y e r   r e g i m e   ( R e f .  11). An examina- 
t i o n  o f  t h e  r e s u l t s  o f  R e f e r e n c e s  10 a n d  1 2  i r l d i c a t e s  t h a t  f o r  t h e  s h o c k  l a y e r  
R e y n o l d s  n u m b e r s  o f  i n t e r e s t  i n  t h i s  s t u d y ,  v i s c o u s  a n d  c o n d u c t i o n  e f f e c t s  
due t o  v e l o c i t y  a n d  t e m p e r a t u r e  g r a d i e n t s  a t  t h e  s h o c k  a n d  i n  t h e  i n v i s c i d  
s h o c k  l a y e r  c a n  b e  n e g l e c t e d .  
Thus,  Rankine-Hugonoit  shock 
can b e  u sed  t o  c a l c u l a t e  t h e  f l o w  
w a l l  i s  c o l d ;   t h u s ,   t h e   b o u n d a r y  
t h e  i n v i s c i d  s h o c k  s h a p e  a n d  body 
a p p r e c i a b l y  by t h e   b o u n d a r y   l a y e r  
r e l a t i o n s  a n d  i n v i s c i d  s h o c k  l a y e r  e q u a t i o n s  
f i e l d .  I t  a l s o  i s  a s s u m e d   t h a t   h e   v e h i c l e  
p r e s s u r e  d i s t r i b u t i o n  a re  n o t  a f f e c t e d  
l a y e r   d i s p l a c e m e n t   t h i c k n e s s  i s  sma l l ,  and 
F o r  t h e  f l i g h t  c o n d i t i o n s  a s s o c i a t e d  w i t h  M a r t i a n  e n t r i e s ,  t h e  l o w  Revnolds 
number r e s u l t s  o f  R e f e r e n c e  10 p r e d i c t  g r e a t e r  c o n v e c t i v e  h e a t  t r a n s f e r  r a t e s  
than  a r e  o b t a i n e d   f r o m   t h e   c l a s s i c a l   d i s c o n t i n u o u s   s h o c k ,   i n v i s c i d   s h o c k  
l a y e r ,   t h i n   b o u n d a r y   l a y e r   t h e o r y .   T h i s   i n c r e a s e  i n  h e a t   t r a n s f e r  i s  p r i m a r i l y  
d u e   t o   t h e   s h o c k   l a y e r   v o r t i c i t y   i n d u c e d  by t h e   c u r v e d  bbw shock.  The 
e f f e c t  o f  v o r t i c i t y  can b e   i n c o r p o r a t e d   i n   c o n v e n t i o n a l   b o u n d a r y   l a y e r   t h e o r y ,  
however, a s  long  a s  t h e  p r o p e r  b o u n d a r y  l a y e r  e d g e  v e l o c i t y  c o n d i t i o n s  a r e  
used   (Ref .   12) .  
In t h e  r e g i o n  o f  t h e  s t a g n a t i o n  p o i n t  t h e  v o r t i c i t y  i n t e r a c t i o n  e f f e c t s  
h a v e  b e e n  c a l c u l a t e d  by u s i n g  t h e  m e t h o d  p r e s e n t e d  i n  R e f e r e n c e  1 2  a n d  b y  
u t i l i z i n g  t h e  low Reyno lds  number  sphe r i ca l  cap  so lu t ions  g iven  in  
Refe rence  10. The  method of Refe rence  1 2  y i e l d s  a s o l u t i o n  of the   boundary  
l a y e r  e q u a t i o n s  i n  w h i c h  t h e  s l o p e  o f  t h e  b o u n d a r y  l a y e r  v e l o c i t y  p r o f i l e  
i s  m a t c h e d  w i t h  t h e  s l o p e  o f  t h e  i n v i s c i d  ve loc i ty  p r o f i l e  f o r  e q u a l  mass 
f l o w  rates. The   i npu t   pa rame te r s   r equ i r ed  t o  o b t a i n  a s o l u t i o n  are t h e  
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s t agna t ion -po in t   Reyno lds  number R e  = [ p s s a  E/a ( s / s ) ] / p s ,  and  the 
n o r m a l   v e l o c i t y   g r a d i e n t   a ( i i / V , ) / a ( z / ~ ) .   T h e s e   p a r a m e t e r s  are g iven  by t h e  
i n v i s c i d   f l o w   f i e l d   s o l u t i o n .  It was found that t h i s  method  and t h a t   o f  
Re fe rence  10  bo th  g ive  e s sen t i a l ly  t h e  same r e s u l t s ,  b u t  t h a t  some c a r e  m u s t  
be taken  when us ing  t h e  l a t t e r  resu l t s .  The low  Reynolds number  results of  
Reference 10 are p r e s e n t e d  a s  a r a t i o  o f  t h e  low  Reynolds number  h e a t i n g  t o  t h e  
c l a s s i c a l  b o u n d a r y  l a y e r  h e a t i n g  a n d  are c o r r e l a t e d  i n  terms of  shock  dens i ty  
r a t i o  and  Reynolds  number.  The r e s u l t s  o f  t h e  c o r r e l a t i o n  a r e  shown i n  
F i g u r e  7 .  T h e  c l a s s i c a l  b o u n d a r y  l a y e r  s o l u t i o n  u s e d  t o  make t h e  low  Reynolds 
number h e a t  t r a n s f e r  r e s u l t s  n o n d i m e n s i o n a l  i s  based  on  modified  Newtonian 
boundary layer  e d g e   p r o p e r t i e s .  H i g h  d e n s i t y   r a t i o  (ps/Pm) i nv i sc id   shock  
l a y e r  p r o p e r t y  r e s u l t s  c a n  d i f f e r  c o n s i d e r a b l y  f r o m  m o d i f i e d  N e w t o n i a n  r e s u l t s .  
Thus,  t h e  d e v i a t i o n  o f  t h e  low  Reynolds  number h e a t  t r a n s f e r  f r o m  t h e  s o - c a l l e d  
c l a s s i c a l  b o u n d a r y  l a y e r  r e s u l t  g i v e n  i n  F igu re  7 i nc ludes  no t  on ly  low 
Reynolds number e f f e c t s ,  b u t  a l s o  i n v i s c i d  p r o p e r t y  e f f e c t s .  
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I n  a d d i t i o n  t o  low  Reynolds number e f f e c t s ,  t h e  e f f e c t  o f  s i g n i f i c a n t  
c o n c e n t r a t i o n s   o f  C 0 2  i n  t h e  ambient  gas  must be cons ide red  i n  t h e   c o n v e c t i v e  
h e a t   t r a n s f e r   c a l c u l a t i o n s .  Numerous t h e o r e t i c a l   a n d   e x p e r i m e n t a l   s t u d i e s   o f  
s t a g n a t i o n   p o i n t   c o n v e c t i v e   h e a t   r a n s f e r  i n  N2-CO g a s   m i x t u r e s   o f   i n t e r e s t  
i n  p l a n e t a r y  e n t r y  h a v e  b e e n  made.  The g e n e r a l  r e s u l t  i s  t h a t  c o n v e c t i v e  h e a t  
t r a n s f e r   i n c r e a s e s   a s   t h e   p e r c e n t a g e  of C 0 2  i s  i n c r e a s e d .   P r e d i c t i o n s   o f   t h e  
magni tude   o f   the   increase   vary   cons iderably ,   however .  I n  t h i s   s t u d y ,   t h e   r e s u l t s  
of   Hoshizaki   (Ref .  13)  have   been   used   to   account   for   ambient  C 0 2  gas  composi- 
t i o n .   H o s h i z a k i ’ s   r e s u l t s   i n d i c a t e   t h a t  a pure C 0 2  env i ronmen t   i nc reases   t he  
convec t ive  hea t ing  approx ima te ly  10 p e r c e n t  o v e r  a n  e q u i v a l e n t  a i r  c a s e .  
The theo ry   o f   Sca la   and   G i lbe r t   (Re f .  14) which  was  used i n  R e f e r e n c e  2 
p r e d i c t s  a 35 p e r c e n t  i n c r e a s e  i n  c o n v e c t i v e  h e a t  t r a n s f e r  for 100 pe rcen t  
C 0 2  a tmosphere ,   bu t   t he re  i s  no e x p e r i m e n t a l   d a t a   t o   s u b s t a n t i a t e   t h i s   l a r g e  
i n c r e a s e .  
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The c o r r e l a t i o n  r e s u l t s  o f  H o s h i z a k i  h a v e  a l s o  b e e n  u t i l i z e d  t o  i n c l u d e  
t h e  e f f e c t s  o f  d i s s o c i a t i o n  on t h e  s t a g n a t i o n  p o i n t  c o n v e c t i v e  h e a t  t r a n s f e r .  
The  theory i s  a p p l i c a b l e  t o  e i t h e r  f r o z e n  o r  e q u i l i b r i u m  c h e m i s t r y  b o u n d a r y  
l a y e r s  f o r  t h e  v e l o c i t y  r a n g e  o f  i n t e r e s t  i n  t h i s  s t u d y ,  and t h e  r e s u l t s  are 
‘ c o r r e l a t e d  i n  t e r m s  o f  s h o c k  p r o p e r t i e s  and t h e  i n v i s c i d  f l o w  s t a g n a t i o n  p o i n t  
v e l o c i t y  g r a d i e n t .  The r e s u l t s  c o r r e l a t e  c l o s e l y  t o  t h e  m i d - r a n g e  o f  e x i s t i n g  
e x p e r i m e n t a l  d a t a .  The b l u n t  body w a l l  has  been  assumed t o  be p e r f e c t l y  
c a t a l y t i c ,  and f o r  t h e  f l i g h t  v e l o c i t i e s  o f  i n t e r e s t  i n  t h i s  s t u d y ,  t h e  c o n -  
v e c t i v e  h e a t  t r a n s f e r  i s  i n s e n s i t i v e  t o  t h e  d e g r e e  o f  n o n e q u i l i b r i u m  i n  t h e  
d i s soc ia t ed   boundary   l aye r   (Re f .  15) .  The c o r r e l a t i o n   f o r m u l a   i n  terms of  
s t a g n a t i o n  p o i n t  v e l o c i t y  g r a d i e n t  i s  
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I n   t h i s   c o r r e l a t i o n ,   t h e   s t a g n a t i o n - p o i n t   p r e s s u r e ,  p s ,  and   nose   r ad ius ,  
%, h a v e  u n i t s  o f  l b / f t 2  a n d  f t  r e s p e c t i v e l y ,  a n d  t h e  f r e e  stream v e l o c i t y ,  
V, i s  measured i n  f t / s ec .  
T h e  h e a t  t r a n s f e r  d i s t r i b u t i o n  a r o u n d  t h e  body c a n  b e  c a l c u l a t e d  by con- 
v e n t i o n a l  b o u n d a r y  l a y e r  t h e o r y ,  a s  l o n g  a s  t h e  a p p r o p r i a t e  b o u n d a r y  l a y e r  
edge   cond i t ions  are  used  (Ref.  1 2 ) .  F o r   t h e   f l i g h t   c o n d i t i o n s   g i v e n   i n   t h i s  
s tudy ,  t he  shock  l aye r  Reyno lds  number  based  on  the  nose  cap  radius i s  
approx ima te ly  80,000. A t  Reynolds  numbers i n   t h i s   r a n g e ,   t h e   b o u n d a r y   l a y e r  
t h i c k n e s s  i n  t h e  n o s e  r e g i o n  i s  approx ima te ly  4 p e r c e n t  o f  t h e  s h o c k  l a y e r  
t h i c k n e s s .   S i n c e   t h e   b o u n d a r y   l a y e r  i s  a s i g n i f i c a n t   p e r c e n t a g e   o f   t h e   s h o c k  
l a y e r  t h i c k n e s s ,  t h e  p r o p e r  b o u n d a r y  l a y e r  e d g e  c o n d i t i o n s  d i f f e r  c o n s i d e r a b l y  
f rom  those   g iven  by i n v i s c i d  f l o w  body p r o p e r t i e s .  The  magnitude  of t h e  
v e l o c i t y  a t  t h e  e d g e  o f  t h e  b o u n d a r y  l a y e r  i s  i n c r e a s e d  d u e  t o  t h e  s h o c k  c u r v a -  
t u r e  i n d u c e d  v o r t i c i t y  a n d  c a n  p r o d u c e  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  c o n v e c t i v e  
h e a t  t r a n s f e r .  The   v i scous   and   conduc t ion   e f f ec t s   due   t o   ve loc i ty   and   t empera -  
t u r e  g r a d i e n t s  i n  t h e  s h o c k  l a y e r ,  h o w e v e r ,  h a v e  a s m a l l  e f f e c t  o n  c o n v e c t i v e  
h e a t  t r a n s f e r  a t  t h e  w a l l  and  can  be  neglected.  It s h o u l d   a l s o   b e   n o t e d   t h a t  
t h e  v e h i c l e  w a l l  h a s  b e e n  a s s u m e d  t o  b e  c o l d ,  a n d  t h e  b o u n d a r y  l a y e r  d i s n l a c e -  
ment   thickness   and i t s  i n t e r a c t i o n  w i t h  t h e  i n v i s c i d  f l o w  f i e l d  i s  n e g l i g i b l e .  
The l a m i n a r  h e a t  t r a n s f e r  d i s t r i b u t i o n s  h a v e  b e e n  c a l c u l a t e d  by Lees '  
l o c a l  s i m i l a r i t y  s o l u t i o n  ( R e f .  1 6 ) .  The Lees' m e t h o d   g i v e s   t h e   r a t i o   o f   t h e  
l o c a l  h e a t  t r a n s f e r  a t  a body s t a t i o n  t o  t h e  s t a g n a t i o n  p o i n t  v a l u e  a s  a 
f u n c t i o n  o f  t h e  l d c a l  d e n s i t y - v i s c o s i t y  p r o d u c t  and v e l o c i t y  a t  t h e  edge  of  
the   boundary   l ayer .   For   the   shock   layer   Reynolds   numbers   assoc ia ted  w i t h  t h e  
m a j o r  p o r t i o n  o f  t h e  M a r t i a n  e n t r y  c o n v e c t i v e  h e a t  p u l s e ,  t h e  s p h e r i c a l  body 
r e s u l t s  of Cheng (Ref .  1 7 )  and F e r r i   ( R e f .  1 2 )  i n d i c a t e  t h a t  t h e  e f f e c t  o f  
v o r t i c i t y  o n  t h e  l a m i n a r  h e a t  t r a n s f e r  d i s t r i b u t i o n  i s  approx ima te ly  cons t an t  
o v e r   t h e   e n t i r e   s p h e r e   c a p .   T h u s ,   t h e   i n v i s c i d  body p r o p e r t i e s   o n   t h e  
sphe r i ca l  cap  can  be  used  i n  t h e  method  of Lees, and t h e  v o r t i c i t y  c o r r e c t i o n  
i s  o b t a i n e d  i m p l i c i t l y  when t h e  n o n d i m e n s i o n a l  h e a t  t r a n s f e r  d i s t r i b u t i o n  i s  
m u l t i p l i e d  by t h e  low Reyno lds  number  s t agna t ion  po in t  hea t  t r ans fe r  r e su l t .  
L e e s '  a n a l y s i s  i s  a l s o  u s e d  t o  c a l c u l a t e  t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n  a f t  
o f  t h e  s p h e r i c a l  c a p ,  b u t  t h e  i n v i s c i d  p r o p e r t i e s  a t  t h e  e d g e  o f  t h e  b o u n d a r y  
l a y e r ,   r a t h e r   t h a n   t h e   v e h i c l e   w a l l ,   a r e   u s e d   i n  t h e  c a l c u l a t i o n .   F o r   t h e  
1200 sphe re -cone   and   t he   t ens ion   she l l   c a ses ,   t he   edge   o f   t he   boundary   l aye r  
p r o p e r t i e s  a f t  o f  t h e  s p h e r i c a l  c a p  d i f f e r  c o n s i d e r a b l y  f rom  the   i nv i sc id  body 
p r o p e r t i e s  s i n c e  t h e  b o u n d a r y  l a y e r  e d g e  e x t e n d s  a s i g n i f i c a n t  d i s t a n c e  i n t o  
t h e  s h o c k  l a y e r .  
I d e a l l y ,  t h e  b o u n d a r y  l a y e r  e d g e  p r o p e r t i e s  c o u l d  b e  o b t a i n e d  by c o u p l i n g  
t h e  b o u n d a r y  l a y e r  s o l u t i o n  o f  R e f e r e n c e  1 2  w i t h  t h e  d e t a i l e d  i n v i s c i d  f l o w  
f i e l d   r e s u l t s   o b t a i n e d   i n   t h i s   s t u d y .  Such a c a l c u l a t i o n   r e q u i r e s   c o n s i d e r a b l e  
formulation  and  computer  programming,  however,   and a s i m p l i f i e d  method t h a t  i s  
e s t i m a t e d  t o  d e v i a t e  l e s s  t h a n  5 percen t  f rom the  more  exac t  ana lys i s  has  been  
used.  The  boundary l a y e r   t h i c k n e s s   o v e r   t h e   e n t i r e  body s u r f a c e  i s  assumed 
t o  be  the  same p e r c e n t a g e  o f  t h e  s h o c k  l a y e r  t h i c k n e s s  a s  o n  t h e  n o s e  c a p ,  
namely 4 p e r c e n t .  
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A momentum Reynolds number of 250 i s  used f o r  a c r i t e r i a  of t r a n s i t i o n  t o  
t u r b u l e n t  flow. Turbu len t  f low h e a t  rates are c a l c u l a t e d  by t h e  method of Rose, 
P r o b s t e i n   a n d  Adams (Ref. 18). No c o r r e c t i o n  for gas   compos i t ion  effects  i s  
inc luded  and  i t  i s  assumed t h a t  t h e  b a s i c  a i r  c o r r e l a t i o n  i s  a p p l i c a b l e  t o  t h e  
g iven  Mar t i an  a tmosphe r i c  compos i t ion .  
R e s u l t s .  - The r e s u l t s  of t h e  c o n v e c t i v e  h e a t  t r a n s f e r  a n a l y s i s  are  g iven  
i n  F i g u r e s  8 a.nd 9. T h e s e  c a l c u l a t i o n s  were made  assuming  the free stream 
cond i t ions  and  co r re spond  t o  the  peak  dynamic  p res su re  trajectory p o i n t  g i v e n  
i n  T a b l e  I. T h i s  t ra jec tory  p o i n t  i s  i n  t h e  l a t t e r  p o r t i o n  o f  t h e  c o n v e c t i v e  
h e a t  p u l s e  a n d  t h e  s h o c k  l a y e r  R e y n o l d s  n u m b e r  i s  c o n s i d e r a b l y  h i g h e r  t h a n  i t  
i s  a t  peak   l amina r   hea t ing .  Low Reynolds  number e f f ec t s  i n  t h e  s t a g n a t i o n  p o i n t  
r e g i o n  were found t o  b e   n e g l i g i b l e .  It should   be   no ted ,   however ,   tha t  l o w  
Reynolds  number  e f fec ts  a t  t h e  p e a k  c o n v e c t i v e  h e a t i n g  t r a j e c t o r y  p o i n t  w i l l  
i n c r e a s e  t h e  s t a g n a t i o n  p o i n t  h e a t i n g  a b o v e  t h e  c l a s s i ca l  b o u n d a r y  l a y e r  r e s u l t  
by  approximately 10 p e r c e n t .   T h e   i n c r e a s e  w i l l  b e   e v e n   l a r g e r   f o r  ea r l ie r  
p o r t i o n s  of t h e  e n t r y  t r a j e c t o r y .  
The   laminar   boundary   l ayer   th ickness ,  as  c a l c u l a t e d  by t h e  method  of 
Reference  L 2 ,  w a s  found t o  be  approximately 4 p e r c e n t  o f  t h e  s h o c k  l a y e r  t h i c k -  
nes s .   The   boundary   l aye r   t h i ckness ,   a l t hough  small ,  e n t r a i n s   t h e   m a j o r i t y   o f  
t h e   e n t r o p y   l a y e r   o r i g i n a t i n g   i n   t h e   n o r m a l  bow shock   r eg ion .   Thus ,   t he   i nv i sc id  
s t r e a m l i n e  a t  t h e  e d g e  of t h e  boundary l a y e r  e m a n a t e s  from an  ob l ique  shock .  
In   r eg ions   o f   supe r son ic   shock   l aye r   f l ow,   t he   boundary   l aye r   edge   ve loc i ty  i s  
s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  i n v i s c i d  body r e s u l t ,  w h i c h  i m p l i c i t l y  c o n t a i n s  
the   no rma l   shock   en t ropy   cond i t ion ,   and ,   hence ,   t he   l amina r   convec t ive   hea t ing  
i s  a l s o  l a r g e r .  
F o r  t h e  g i v e n  t r a j e c t o r y  p o i n t ,  t h e  momentum Reynolds  number  t rans i t ion  
c r i t e r i a   o f  250 @mVm%/ps 400,000) was exceeded on e a c h   v e h i c l e .   S i n c e  
t h e  c r i t e r i a  f o r  t r a n s i t i o n  i s  u n c e r t a i n  f o r  t h e s e  b l u n t  v e h i c l e s ,  b o t h  t h e  
l a m i n a r   a n d   t u r b u l e n t   h e a t   t r a n s f e r   d i s t r i b u t i o n s   a r e  shown.  The  laminar 
d i s t r i b u t i o n  w i l l  b e  a p p l i c a b l e  f o r  t h e  c o n e s  a n d  t h e  s p h e r i c a l  d i s h  o v e r  t h e  
m a j o r   p o r t i o n   o f  t h e  h e a t   p u l s e .  Low Reynolds  number e f f e c t s ,   w h i c h   o c c u r  
predominant ly  i n  subsonic   f low  reg ions ,   mus t  b e  i n c l u d e d  a t  h i g h e r  a l t i t u d e s ,  
however. 
I n  t h e  case of t h e  t e n s i o n  s h e l l  v e h i c l e s ,  t h e  t r a n s i t i o n  R e y n o l d s  number 
o c c u r r e d  i n  t h e  v i c i n i t y  o f  t h e  t r i p l e  p o i n t .  T h e  c o n v e c t i v e  h e a t i n g  d i s t r i b u -  
t i o n s  shown i n  F i g u r e  9 a re  assumed t o  be  r e p r e s e n t a t i v e  o f  t h e  e n t i r e  t r a j e c t o r y  
It i s  assumed t h a t  p r e s s u r e  p u l s e  c r e a t e d  by t h e  v i s c o u s  i n t e r a c t i o n  o f  t h e  
t r i p l e - p o i n t  imbedded shock  and  the  boundary  layer  produces  t rans i t ion  a t  a l l  
h i g h e r   a l t i t u d e s .   S i n c e  a turbulen t   boundary  i s  p r o b a b l y   r e q u i r e d  t o  a s s u r e  
a n  a t t a c h e d  i n v i s c i d  s h o c k  l a y e r  i n  t h e  t r i p l e - p o i n t  r e g i o n ,  t h e  a s s u m p t i o n  
of  a t u r b u l e n t  b o u n d a r y  l a y e r  i n  t h e  r e g i o n s  of l a r g e  p o s i t i v e  g r a d i e n t  i s  
c o n s i s t e n t  w i t h  i n v i s c i d  f l o w  s o l u t i o n  . p r e s e n t e d  p r e v i o u s l y .  
120°  and 140° sphe re -cones   and   t he   sphe r i ca l   d i sh :   The   convec t ive   hea t  
f l u x  v e r s u s  d i s t a n c e  a l o n g  t h e  body f o r  t h e  120°  and 140° sphere-cones  and  the  
s p h e r i c a l  d i s h  i s  shown i n  F i g u r e  8.  One of t h e  major p o i n t s  t o  b e  no ted  i s  
t h a t  t h e  1400 s p h e r e - c o n e  l a m i n a r  c o n v e c t i v e  h e a t  f l u x  i s  c o n s i d e r a b l y  lower 
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t h a n  t h e  120° c o n e   r e s u l t .   A l t h o u g h   t h e   n o s e   r a d i u s  of b o t h   c o n e   c o n f i g u r a t i o n s  
i s  t h e  same, t h e  140°   cone   s t agna t ion -po in t   ve loc i ty   g ' r ad ien t  i s  c o n s i d e r a b l y  
smaller t h a n   t h e  1 2 0 °   c o n e   r e s u l t .   T h e   s p h e r i c a l   d i s h   l a m i n a r   h e a t   t r a n s f e r  
f l u x  i s  lower  than  both  cones  and  approaches  the  140° c o n e  r e s u l t  i n  t h e  a f t  
r e g i o n  o f  t h e  body s u r f a c e .  
OA.65 and OA.833 t e n s i o n   s h e l l s :   T h e  OA.65 and OA.833 t e n s i o n  s h e l l  
c o n v e c t i v e  h e a t  t r a n s f e r  d i s t r i b u t i o n s  are shown i n  F i g u r e  9 .  The OA.65 
s t a g n a t i o n  p o i n t  h e a t i n g  i s  s l i g h t l y  l a r g e r  t h a n  t h e  OA.833 r e s u l t  b e c a u s e  the 
OA.65 n o s e   r a d i u s  i s  s l i g h t l y  smaller. The e x t e n t   o f  t h e  t u r b u l e n t   h e a t i n g  i s  
l a r g e r  on t h e  OA.655 t h a n  t h e  OA.833 b e c a u s e  t h e  s h o c k  l a y e r  t r i p l e  p o i n t  a n d ,  
h e n c e ,  t r a n s i t i o n  o c c u r s  e a r l i e r  on t h e  b l u n t e r  OA.655 c o n f i g u r a t i o n .  
AEROSHELL  STRUCTURAL  SYNTHESIS 
Ana ly t i ca l  Me thods  
I n  o r d e r  t o  d e s i g n  e f f i c i e n t  e n t r y  c a p s u l e s  i t  i s  n e c e s s a r y  t o  
deve lop  a s y s t e m a t i c   w e i g h t   o p t i m i z a t i o n   p r o c e d u r e .  Even w i t h  t h e  b e s t  
a n a l y t i c a l  t o o l s ,  a t r i a l  and e r r o r  o p t i m i z a t i o n  a p p r o a c h  h a s  l i t t l e  
chance  o f  success  because  o f  t he  g rea t  number of s t r u c t u r a l  v a r i a b l e s  
p r e s e n t .  
D e s i g n - a n a x i s  i t e r a t i o n  p r o c e d u r e . -  A p r a c t i c a l  d e s i g n  o p t i m i z a t i o n  
procedure was deve loped   fo r   s andwich   and   r i ng - s t i f f ened   capsu le s .   In  
t h i s  p r o c e d u r e ,  t h e  d e s i g n  o f  t h e  a e r o s h e l l  i s  c o u p l e d  i t e r a t i v e l y  w i t h  
a n   e l a s t i c   s t a b i l i t y   a n a l y s i s   o f   t h e   d e s i g n .   T h u s ,   s t r u c t u r a l   w e i g h t  i s  
m i n i m i z e d  w i t h  r e s p e c t  t o  b u c k l i n g  f a i l u r e  of t h e  c a p s u l e ,  a s  o p p o s e d  
t o  a stress f a i l u r e .  T h i s  i s  i n  a c c o r d a n c e  w i t h  t h e  f a c t  t h a t ,  i n  
g e n e r a l ,  f o r  l i g h t l y  l o a d e d  e n t r y  c a p s u l e s  t h e  c r i t i c a l  mode o f  f a i l u r e  
i s  buck l ing .  
The i t e r a t i o n  p r o c e d u r e  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  10.  
I n  t h i s  c h a r t ,  d a s h e d  a r r o w s  r e p r e s e n t  r e t u r n  p a t h s  o f  i t e r a t i o n  l o o p s .  
Boxes b o r l e r e d  w i t h  h e a v y  l i n e s  r e p r e s e n t  s t e p s  u s i n g  c o m p u t e r  p r o g r a m s .  
The group of b o x e s  l y i n g  w i t h i n  t h e  b r o k e n  d o t - d a s h  b o r d e r  r e p r e s e n t s  
t h e  d e s i g n  of t h e  s h e l l  i n t e r i o r  ( i . e . ,  e x c l u s i v e  of the  payload  and 
b a s e   r i n g ) .  As shown, t h i s   g r o u p   a p p l i e s   o n l y   t o   r i n g - s t i f f e n e d  con- 
s t r u c t i o n . *  For  sandwich  cones i t  i s  rep laced   by  a manua l   des ign   s t ep .  
The s h e l l  d e s i g n  s t e p  f o r  b o t h  c o n s t r u c t i o n s  is d i s c u s s e d  f u r t h e r  b e l o w .  
* A s  d i s c u s s e d  l a t e r ,  s t e p s i n d i c a t e d  by  boxes  labe led  C and D were 
p e r f o r m e d  o n l y  i n  t h e  d e s i g n  o f  t h e  t e n s i o n  s h e l l  c a p s u l e s .  
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In order  to keep the  size  of  the  task  within  reason,  it was 
necessary  to  limit  the  number of basic  variables  considered. Hence, 
only one base  diameter  and  two  ballistic  coefficients were considered. 
Also, for  each  structural  temperature,  consideration was, for  the  most 
part,  limited  to  two  basic  structural  materials,  aluminum  and  titanium 
The properties  assumed  for  these  materials are given  below. 
E (lo6 psi) 
300°F .. 550°F V p (lb/in.3) 
A 1  9.35 6.1 
Ti 16.5 15.5 
. 32  
. 3 2  
. loo  
.158 
On the  other hand, the  aeroshell  weight  correlations,  derived in
part  from  the  designs  obtained,  allow  the  evaluation  of  the  effect on 
aeroshell  weight  of  other  materials,  as  well  as  variations  in  base 
diameter and dynamic  pressure (cf.  p.29). 
Aeroshell  loads.-  Pressure  distributions  for  both  windward  and  leeward 
meridians were provided  by  the  flow  field  analyses  discussed  earlier. 
These  distributions  are  conservatively  based on peak  dynamic  pressure 
conditions  associated with  an uncontrolled  tumbling  entry  into  a v"8  model 
atmosphere  from  a  Martian  orbit. A s  shown in Reference 2, the  angle  of 
attack  amplitudes at  peak  dynamic  pressure  are 9" and 12"  for  the 120" 
cone  and 0 A . 8 3 3  tension  shell,  respectively. The aeroshell  pressure  dis- 
tributionsare  therefore  based on these  values  of  angle of attack. 
For the  purposes  of  design an axisymmetric  pressure  loading  with 
meridionally  varying  magnitude,  locally  equal  to  the  maximum of the  wind- 
ward  and  leeward  pressures,  was  used.  Finalized  designs  were  then  sub- 
jected  to  stress  analysis  based  on  the  assumption  that at peak  loading 
the  circumferential  distribution  of  pressure  contains  only  axisymmetric 
and  first  harmonic  components. In all  cases,  the  pressure  distributions 
were  equilibrated  by  the  distributed  inertial  loads  of  the  capsule.  For 
this  purpose,  the  total  mass  of  each  capsule was computed  from  its  design 
ballistic  coefficient  and  its  drag  coefficient.  The  difference  between 
the  total  mass and  the  mass  of the  shell  structure,  base  ring, and heat 
shield vas assigned  to  the  payload and assumed  to  be  concentrated in the 
payload  ring. 
It should  be  noted  that  the  pressure  distributions  used  are  based on 
entry  conditions  associated with values  of ballistic coefficient below 
0.32  slug/ft2. In using  these  distributions it is assumed  that  their  shapes 
are insensitive to ballistic  coefficient  variation,  but  that  their  magni- 
tudes  vary  proportionally  with  ballistic  coefficient. In the following 
discusssion,  the  term  "design load" (or "design pressure") refers to the 
above-mentioned  axisymmetric  pressure  distribution ( s o  modified  for  ballistic 
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c o e f f i c i e n t )  times t h e   b u c k l i n g   f a c t o r   o f   s a f e t y .   I n   a l l   c t ' ' : ~  . t h e   d e s i r e d  
b u c k l i n g   f a c t o r   o f   s a f e t y  i s  AsF = 2.25. I n   o r d e r   t o  l i m i t  : : .  number o f  
d e s i g n   i t e r a t i o n s ,   v a r i a t i o n s  of 0 . 2 5   f r o m   t h i s   v a l u e  w e r f  , , s i d e r e d  
a c c e p t a b l e .  
The e f f e c t  o f  t h e r m a l  l o a d s  o n  s t r u c t u r a l  s t a b i l i t y  and s t r e s s  was 
n e g l e c t e d .   H o w e v e r ,   a s   n o t e d   p r e v i o u s l y ,   t h e   t e m p e r a t u r e  dc;::e!:dence o f  
m a t e r i a l  p r o p e r t i e s  i s  a c c o u n t e d   f o r .  
Con ica l   capsu le s :   The  pressure d i s t r i b u t i o n   u s e d   f o r  t he  c o n i c a l  
c a p s u l e s  was taken  f rom Reference  2 and i s  r e p r o d u c e d  h e r e  i ?  F i g u r e  11. 
T h i s  d i s t r i b u t i o n  i s  based  on a b a l l i s t i c  c o e f f i c i e n t  o f  0 . 2  s l c g / f t 2 ,  and 
t h e r e f o r e  t h e  e q u i v a l e n t  pressures  for   0 .32   and  0.64 s l u g / f t 2  c a p s u l e s  a r e  
l a r g e r   b y   t h e   f a c t o r s  1 . 6  a n d   3 . 2 ,   r e s p e c t i v e l y .  CD was  taken  to b e  1 . 5 1 ,  
wh ich  a s  shown i n  F i g u r e  51  of  Reference  2 a g r e e s  wel l  w i th  expe r imen t .  
T e n s i o n  s h e l l  c a p s u l e s :  T h e  p r e s s u r e  d i s t r i b u t i o n  p r e s e n t e d  i n  
F i g u r e  3 was u s e d  f o r  t h e  t e n s i o n  s h e l l  c a p s u l e s .  I n  t h i s  case t h e  
p r e s s u r e  i s  p r e s e n t e d  i n  u n i t s  o f  t h e  s t a g n a t i o n  p r e s s u r e ,  g i v e n  as 1.83 
p s i  i n  T a b l e  11. However, t h i s  v a l u e  is  based  on a b a l l i s t i c  2 o e f f i c i e n t  
o f   0 . 1 8 2   s l u g / f t 2 .   T h e r e f o r e   t h e   e q u i v a l e n t   s t a g n a t i o n   p r e s s u r e s   f o r  
t h e  0 . 3 2  a n d  0 . 6 4  s l u g / f t 2  c a p s u l e s  are t a k e n  t o  b e  l a r g e r  by the f a c t o r s  
1 .76   and   3 .52 ,   r e spec t ive ly .  
Base r i n g  a n d  p a y l o a d  r i n g  d e s i g n . -  P r e v i o u s  s t u d i e s  ( R e f s .  1 9  a n d  
20)  have shown t h a t  t h e  f u n c t i o n  o f  e d g e  r i n g s  f o r  s h e l l s  o f  r e v o l u t i o n  - - 
i s  t o  s u p p r e s s  i n e x t e n s i o n a l  b u c k l i n g ,  f o r  w h i c h  N = 2 is t h e  c r i t i c a l  
h a r m o n i c .   T h e   f o l l o w i n g   a d d i t i o n a l   r e s u l t s ,   d e m o n s t r a t e d   i n   R e f e r e n c e  
20 f o r  b l u n t  c o n i c a l  s h e l l s ,  h a v e  b e e n  f o u n d ,  d u r i n g  t h e  c o u r s e  of t h i s  
s t u d y ,  t o  b e  v a l i d  f o r  m o r e  g e n e r a l  s h e l l s  of r evo lu t ion .   (Cf .   Re f .   21 . )  
T h e r e  e x i s t s  a c r i t i c a l  harmonic N > 2 f o r  w h i c h  t h e  c r i t i c a l  load  
a t t a i n s  a r e l a t i v e  minimum. I n  th!s b u c k l i n g  mode t h e r e  is  r e l a t i v e l y  
l i t t l e  de fo rma t ion  a t  t h e   s h e l l   e d g e s .   T h e r e f o r e ,   t h e   c o r r e s p o n d i n g  
c r i t i c a l   l o a d  i s  i n s e n s i t i v e   t o   t h e   s t i f f n e s s   o f   e d g e   r i n g s .  On t h e  
o t h e r  h a n d ,  f o r  e d g e  r i n g s  o f  i n s u f f i c i e n t  s t i f f n e s s  t h e  c r i t i c a l  l o a d  
a t t a i n s  a n  a b s o l u t e  minimum f o r  N = 2 ,  t h i s  mode b e i n g  e s s e n t i a l l y  
i n e x t e n s i o n a l .  
L e t  u s  now res t r ic t  o u r  a t t e n t i o n  t o  b l u n t  t r u n c a t e d  a e r o s h e l l s ,  f o r  
which a p a y l o a d  r i n g  is  a t t a c h e d  a t  t h e  small end  and a b a s e  r i n g  is  
a t t a c h e d  a t  t h e  l a r g e  e n d .  T h e n ,  i n  t h e  N = 2 mode o f   b u c k l i n g   l a r g e  
buck l ing   de fo rma t ions   occu r  a t  t h e   b a s e   r i n g .   T h e r e f o r e ,   t h e   c o r r e s -  
ponding c r i t i c a l  load  i s  d i r e c t l y  r e l a t e d  t o  t h e  b a s e  r i n g  s t i f f n e s s  
I n  f a c t ,  f o r  t u b u l a r  b a s e  r i n g s ,  w h i c h  were assumed f o r  t h i s  s t u d y ,  t h i s  
c r i t i c a l  load  is  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  f l e x u r a l  r i g i d i t y  o f  
t h e   b a s e   r i n g .  Its e x t e n s i o n a l  r i g i d i t y  h a s  l i t t l e  e f f e c t  s i n c e  t h e r e  
is  n e g l i g i b l e  e x t e n s i o n  i n  t h i s  b u c k l i n g  mode. 
I n  c o n t r a s t  t o  t h i s ,  f o r  p r a c t i c a l  p a y l o a d  r i n g s ,  t h e  p a y l o a d  r i n g  
s t i f f n e s s   h a s   n e g l i g i b l e   e f f e c t   o n   t h e   b u c k l i n g   l o a d .   S i n c e ,   t y p i c a l l y ,  
t h i s  r i n g  i s  i n  a s t a t e  of   hoop  tension,  i t s  d e s i g n  i s  b a s e d  p r i m a r i l y  
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on stress a n d   f a b r i c a t i o n   c o n s i d e r a t i o n s .   A d d i t i o n a l l y ,   t h e   p a y l o a d  
r i n g  d e s i g n s  p r e s e n t e d  i n c l u d e  c o n s i d e r a t i o n  o f  l o c a l  wall  i n s t a b i l -  
i t y  d u e  t o  t h e  a x i a l  i n e r t i a  o f   t h e   p a y l o a d  mass. As  t he   pay load  
s t i f f n e s s  a f f e c t s  t h e  stresses i n  t h e  v i c i n i t y  o f  t h e  p a y l o a d  r i n g ,  
i t  i s  a p p a r e n t  t h a t  t h e  p a y l o a d  r i n g  d e s i g n  c a n n o t  b e  f i n a l i z e d  
u n t i l  t h e   p a y l o a d  is  def ined .   However ,   be ing  a t  a small r a d i u s ,  t h e  
p a y l o a d  r i n g  makes a r e l a t i v e l y  m i n o r  c o n t r i b u t i o n  t o  c a p s u l e  s t r u c t u r a l  
weight .  
' I n  l i g h t  of t h e s e  r e s u l t s ,  o n e  can v i s u a l i z e  t h e  b u c k l i n g  r e s p o n s e  
as t h e  f l e x u r a l  r i g i d i t y  ( E I )  o f  t h e  b a s e  r i n g  is var i ed .   Fo r   l ow E I ,  
t h e  s h e l l  b u c k l e s  a t  l o w  l o a d  i n t o  t h e  N = 2 mode. As .E1 is i n c r e a s e d ,  
t h e  mode shape  remains e s s e n t i a l l y  u n a l t e r e d ,  b u t  t h e  b u c k l i n g  l o a d  
increases i n  t h e  same p r o p o r t i o n  u n t i l  t h e  c r i t i c a l  l o a d  f o r  t h e  N = 2 
mode e q u a l s   t h e  c i r t i c a l  l o a d   f o r   t h e  N = N mode. F u r t h e r   i n c r e a s e s  
i n  E 1  are i n e f f e c t u a l  s i n c e  h e n c e f o r t h  t h e  $ h e l l  b u c k l e s  i n  t h e  N = 
mode, which is u n a f f e c t e d  b y  t h e  b a s e  r i n g .  T h i s  b e h a v i o r  s u g g e s t s  
t h a t  t h e  b a s e  r i n g  f l e x u r a l  r i g i d i t y  s h o u l d  b e  c h o s e n  s o  t h a t  t h e  
c r i t i c a l  l o a d s  c o r r e s p o n d i n g  t o  N = 2 and N = N a r e   e q u a l .  A s  i n d i c a t e d  
by Box F of   F igure  10, t h i s  c r i t e r i o n  i s  i n c o r p o r a t e d  i n t o  t h e  optimum 
des ign  p rocedure .  
N C  
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I n  o r d e r  t o  a c h i e v e  a minimum weight  tube  i t  i s  d e s i r a b l e  t o  h a v e  
as l a r g e  a r a t i o  of t u b e   r a d i u s   t o   t h i c k n e s s   a s   p o s s i b l e .   T h i s   r a t i o  
is  l i m i t e d  b y  e i t h e r  
1 )   l o c a l   i n s t a b i l i t y   o f   t h e   t u b e   w a l l   ( f o r   m o d e r a t e l y   l o a d  
2 )  l o c a l   d i s t o r t i o n  of  t h e   t u b e   c r o s s   s e c t i o n   a t   t h e   s h e l l  
3 )  minimum gage. 
r i n g s ) ,  
i n t e r f a c e  ( f o r  l i g h t l y  l o a d e d  r i n g s ) ,  o r  
I n i t i a l l y ,  t h e  t u b e  R / t  w a s  de te rmined  s o  t h a t  a t  t h e  d e s i g n  l o a d  t h e  
t u b e   b e c o m e s   l o c a l l y   u n s t a b l e .   F o r   t h i s   c a l c u l a t i o n ,   t h e  maximum 
combined  hoop  compressive stress i n  t h e  t u b e  was  assumed t o  b e  u n i f o r m l y  
d i s t r i b u t e d ,  a n d  t h e  a x i a l  stress b u c k l i n g  c r i t e r i o n  f o r  m o d e r a t e l y  
l o n g   c y l i n d r i c a l   s h e l l s  of Reference  22 was a p p l i e d .   H o w e v e r ,   i f   t h i s  
computed  value is t o o  l a r g e ,  o n e  c a n  e x p e c t  t h a t  t h e  t u b e  w i l l  c e a s e  t o  
behave  in  accordance  wi th  r ing  theory ,  which  t rea ts  t h e  c r o s s  s e c t i o n  
a s  a r i g i d   e l e m e n t .   I f   t h i s   o c c u r s ,   t h e   r i n g   f l e x u r a l   r i g i d i t y  
r e q u i r e d  t o  s u p p r e s s  t h e  N = 2 b u c k l i n g  mode w i l l  n o t  b e  a c h i e v e d .  I n  
o r d e r  t o  a v o i d  t h i s  p o s s i b i l i t y ,  a l i m i t  of R / t  = 125 w a s  imposed. An 
a d d i t i o n a l  c o n s t r a i n t  o n  R / t  i s  provided by the requirement  of  minimum 
g a g e  f o r  t h e  t u b e  w a l 1 , t a k e n  t o  b e  0.032 i n . ,  a n d  t h e  r e q u i r e d  moment 
o f  i n e r t i a  I o f  t h e  t u b e  s e c t i o n .  
S h e l l  d e s i g n . -  A s  was d e m o n s t r a t e d  i n  R e f e r e n c e  2 ,  t h e  p a y l o a d  r i n g  
e s s e n t i a l l y  d e c o u p l e s  t h e  p o r t i o n  o f  t h e  a e r o s h e l l  a f t  o f  t h e  p a y l o a d  
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r i n g  f r o m  t h e  n o s e  s e c t i o n  f o r e w a r d  o f  t h i s  r i n g .  T h e  n o s e  s e c t i o n ,  b e i n g  
a t  a smaller r a d i u s ,  i s  g e n e r a l l y  much s t i f f e r  t h a n  t h e  a f t  p o r t i o n  o f  
t h e   a e r o s h e l l .   F u r t h e r m o r e ,   i n   p r a c t i c e ,  part o f   t h e   p a y l o a d   i t s e l f  may 
b e  i n  c o n t a c t  w i t h  t h e  f o r w a r d  s e c t i o n ,  g i v i n g  i t  added  but  unknown 
s t i f f n e s s .   F o r   t h e s e   r e a s o n s ,   a n d   a l s o   b e c a u s e  i t  c o n t r i b u t e s  a 
r e l a t i v e l y  small amount  of  weight t o  the c a p s u l e ,  t h e  d e s i g n - a n a l y s i s  
p rocedure  w a s  a p p l i e d  o n l y  t o  t h e  t r u n c a t e d  a e r o s h e l l  e x c l u d i n g  t h e  n o s e  
s e c t i o n .  A f t e r  a n  o p t i m i z e d  d e s i g n  was o b t a i n e d ,  t h e  e x t r a  mass of t h e  
n o s e - s e c t i o n  was es t imated  by  assuming i t  t o  h a v e  t h e  same ave rage  
s u r f a c e  d e n s i t y  as t h e   a f t   a e r o s h e l l .   H e n c e f o r t h ,   t h e  term ' laeroshe l l l l  
s h a l l  re fe r  t o  t h e  t r u n c a t e d  a e r o s h e l l  e x c l u s i v e  o f  t h e  n o s e  s e c t i o n .  
A s  no ted  ear l ier ,  t h e  p a y l o a d  a n d  b a s e  r i n g  h a v e  n e g l i g i b l e  e f f e c t  
o n   t h e  c r i t i c a l  l o a d   o f   t h e   a e r o s h e l l   f o r  N = N > 2 .  On t h e   o t h e r   h a n d ,  
f o r  a g i v e n  s h e l l  s t r u c t u r e ,  t h e  N = 2 c r i t i c a l  load  i s  e f f e c t i v e l y  
c o n t r o l l e d   b y   t h e   b a s e   r i n g .   T h e s e   f a c t s   a l l o w   t h e   d e c o u p l i n g   o f   t h e  
d e s i g n  o f  t h e  a e r o s h e l l ,  e x c l u d i n g  t h e  e n d  r i n g s ,  f r o m  t h e  d e s i g n  o f  t h e  
r ings   t hemse lves .   The   p rocedure   t hen  i s  t o  d e s i g n  t h e  s h e l l  i n t e r i o r  
s o  t h a t  i t s  c r i t i c a l  l o a d  f o r  N = N is  t h e   d e s i g n   l o a d .   A f t e r   t h i s  
d e s i g n  i s  a c h i e v e d ,  t h e  b a s e  r i n g  i$ d e s i g n e d  i n  a c c o r d a n c e  w i t h  t h e  
p r i n c i p l e s  s t a t e d  ear l ie r .  
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Sandwich   cone:   The   des ign   s tep   for   the   sandwich   cone   cons is t s   o f  a 
d e t e r m i n a t i o n   o f   t h e   c o r e   d e p t h  tc  a n d   f a c e   s h e e t   t h i c k n e s s  t of a 
symmetrical sandwich wal l .  The   fo l lowing   two  condi t ions ,   the   second  of  
which may b e   o v e r r i d e n   b y   t h e  minimum g a g e  c o n s t r a i n t  t > 0.016 i n . ,  
a re  imposed  on  these  va r i ab le s :  
f 
f -  
1 )  C r i t i c a l  p r e s s u r e  l eve l  f o r   g e n e r a l   i n s t a b i l i t y   e q u a l s   t h e  
2 )  Equal   weights   o f  material i n  c o r e  a n d   f a c e   s h e e t s .  
d e s i g n  p r e s s u r e ,  a n d  
Cond i t ion  (1) i s  based  on a g e n e r a l  i n s t a b i l i t y  c o r r e l a t i o n  o b t a i n e d  
f o r  a combined loading of a u n i f o r m  h y d r o s t a t i c  p r e s s u r e  a n d  a n  a x i a l  
t e n s i o n  e q u a l  t o  t h e  r e s u l t a n t  o f  t h e  h y d r o s t a t i c  p r e s s u r e  a c t i n g  o n  t h e  
c a p s u l e   b a s e .   F o r   t h i s   c o r r e l a t i o n ,   t h e   f o l l o w i n g   l i n e a r   i n t e r a c t i o n  
fo rmula ,  based  on  the  r e su l t s  o f  Re fe rence  23 ,  was  used. 
S u b s t i t u t i o n  o f  t h e  c r i t i c a l  h y d r o s t a t i c  p r e s s u r e  a n d  c r i t i c a l  a x i a l  
l o a d  f o r  a sandwich  cone ,  v iz .  
PO = 4 .2  E t f t c 1 * 5 / L R 2 1 * 5  
Po = 13 .2  E t  t cos*& f c  
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a n d  t h e  r e l a t i o n  P = n r  * p i n t o  Eq. ( 1 )  g i v e s  t h e  r e s u l t  B 
p = ( 4 . 2  E/L& 
)‘ftC I s 5 / ( 1  - y: t c - 5 )  (2  
where 
K = .625 r: /LE* 1-5c0s7a 
Fo r  the  spec i f i ed  cone  geomet ry ,  K = 0.195 f o r  dimensions i n  inches. 
For   t he   pu rpose  of t r e a t i n g  t h e  v a r i a b l e  p r e s s u r e  l o a d i n g ,  E q .  ( 2 )  
was m o d i f i e d  t o  
X = C E t f t c  1.5 /(1 - .195  tc*’) ( 3  
Here,  x i s  sinlply a des ign  l o a d  f a c t o r   w h i c h   m r l l L i p l i e s   t h e   p r e s s u r e  
d i s t r i b u t i o n .  
Cond i t ion  ( 2 )  i s  based on a s l i g h t  m o d i f i c a t i o n  of  an  e lementary  
min imiza t ion  of  t h e  s h e l l  s u r f a c e  d e n s i t y ,  2 t f p f  + t c p c ,  s u b j e c t  t o  t h e  
b u c k l i n g   c o n s t r a i n t   f o r   h y d r o s t a t i c   p r e s s u r e ,  t f t c1 -5  = c o n s t a n t .   T h i s  
r e s u l t s  i n  a n  optimum c o r e  w e i g h t  t o  f a c e  s h e e t  w e i g h t  r a t i o  of  1.5. 
Condi t ion  ( 2 )  i s  a more p r a c t i c a l  d e s i g n  c o n d i t i o n  i n  t h a t  it r e s u l t s  i n  
t h i c k e r  f a c e  s h e e t s ,  l o w e r  stresses and i n  d e s i g n s  t h a t  are less a f f e c t e d  
b y  t r a n s v e r s e  s h e a r  d e f o r m a t i o n s .  The t h e o r e t i c a l  w e i g h t  p e n a l t y  i n c u r r e d  
by  us ing  Cond i t ion  (2)  i s  o n l y  2%. 
By assuming a c o r e  d e n s i t y  of 0.003 l b / i n . 3  ( o n l y  aluminum cores  
were c o n s i d e r e d ) ,   f o r  a g i v e n   f a c e   s h e e t   m a t e r i a l   t h e   r a t i o  /p i s  
known. Thus,   Condi t ion (2 )  t r a n s l a t e s   i n t o  a  known r a t i o ,   s a y  T! of 
f a c e   s h e e t   t h i c k n e s s   t o   c o r e   d e p t h .  Then Eq .  ( 3 )  may b e   r e a r r a n g e d   t o  
the  form 
C 
= (X/CE-r)’ 4 (1 - .195 tc  ) .5  .4 
t C  ( 4 )  
For a g i v e n  c o r r e l a t i o n  f a c t o r  C ( e s t i m a t e d  i n i t i a l l y  f r o m  t h e  resul ts  
of   Reference 2), Eq. ( 4 )  was s o l v e d   n u m e r i c a l l y   f o r  t and  hence t 
I f ,  however, tf t u r n e d  o u t  t o  b e  less than  0 . 0 1 6  i n . ,  t h e n  tf w a s  set  
e q u a l  t o  0 .016  in .   and t recomputed  from Eq. ( 3 ) .  
C Y  f ’  
C 
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Ring-st i f fened cone:  Whereas  the d e s i g n  s t e p  f o r  t h e  i n t e r i o r  a e r o -  
s h e l l  f o r  t h e  s a n d w i c h  c o n e  i s  re l a t ive ly  s imple  and  pe r fo rmed  manua l ly ,  
t h e  c o r r e s p o n d i n g  s t e p  f o r  t h e  r i n g - s t i f f e n e d  monocoque  cone i s  s u f -  
f i c i en t ly   complex  t o  requi re   deve lopment   o f  a new computer  program.  This 
program is  rep resen ted  by  the  box  l abe led  A i n  F i g u r e  1 0 .  Details of 
t h e  method  under ly ing   th i s   p rogram are p r e s e n t e d  i n  R e f e r e n c e  2 4 .  I n  
t h i s  s e c t i o n  t h e  e s s e n t i a l  f e a t u r e s  o f  t h i s  p r o g r a m  are d i s c u s s e d  s o  
t h a t  t h e  r e a d e r  c a n  u n d e r s t a n d  w h a t  i t  accompl i shes .  
The  des ign  va r i ab le s  cons ide red  by  the  p rogram a re :  
1) S h e l l  wal l  th ickness   (assumed  un i form) ,  
2 )  R i n g   l o c a t i o n s ,  
3) R i n g   c r o s s - s e c t i o n a l   e n g t h s   ( a s s u m i n g   u n i f o r m   t h i c k n e s s  
2 - s e c t i o n  i n t e r i o r  r i n g s  w i t h  a nominal web-to-flange 
w i d t h  r a t i o  o f  2 . 5 * ) ,  and 
4 )  R i n g   c r o s s - s e c t i o n a l   t h i c k n e s s e s .  
Thus a t o t a l  of 3M + 1 v a r i a b l e s  are cons idered  where  M i s  t h e  number  of 
r i n g s   r e q u i r e d .  The   fo l lowing   cond i t ions  are imposed   on   t hese   va r i ab le s :  
1) C r i t i c a l   p r e s s u r e   f o r   g e n e r a l   i n s t a b i l i t y   e q u a l s   t h e  
2 )  C r i t i c a l  p r e s s u r e   f o r   i n s t a b i l i t y   o f   s h e l l   b a y s   b e t w e e n  
3) C r i t i c a l  p r e s s u r e   f o r   l o c a l   i n s t a b i l i t y   o f   e a c h   i n t e r i o r  
4 )  R e l a t i v e   i n c r e a s e   ( d u e   t o   s t i f f e n i n g )   i n   t h e   l o c a l   h o o p  
d e s i g n  p r e s s u r e ,  
r i n g s  e q u a l s  d e s i g n  p r e s s u r e ,  
r i n g  e q u a l s  d e s i g n  p r e s s u r e ,  a n d  
f l e x u r a l  r i g i d i t y  of t h e  c o m p o s i t e  s h e l l  wal l  is  p r o p o r t i o n a l  
t o  t h e  n o r m a l  d e f l e c t i o n  o f  t h e  g e n e r a l  i n s t a b i l i t y  mode. 
Condi t ions(1)   th rough (3) r e p r e s e n t   f o r   t h i s   p r o b l e m   t h e   u s u a l   o p t i m u m  
d e s i g n   c o n d i t i o n   o f   s i m u l t a n e o u s   o c c u r r e n c e   o f   f a i l u r e   m o d e s .   C o n d i t i o n  (1) 
i s  based  on a s l i g h t l y  m o d i f i e d  f o r m  o f  t h e  g e n e r a l  i n s t a b i l i t y  c o r r e l a t i o n  
f o r   r i n g - s t i f f e n e d   c o n i c a l   s h e l l s   p r e s e n t e d   i n   R e f e r e n c e  2 6 .  Cond i t ion  ( 4 )  
r e p r e s e n t s  a new design  approach  and i s  mot iva ted  by t h e  d e s i r e  t o  p l a c e  t h e  
r i n g  m a t e r i a l  w h e r e  i t  w i l l  do  the  most  good. 
I n  a d d i t i o n  t o  t h e s e  c o n d i t i o n s ,  i n  o r d e r  t o  e n s u r e  f a b r i c a t i o n  f e a s i -  
b i l i t y ,  t h e  f o l l o w i n g  m a n u f a c t u r i n g  c o n s t r a i n t s  a r e  b u i l t  i n t o  t h e  p r o g r a m :  
1) Minimum s h e l l   g a g e ,  
2 )  Minimum r i n g   g a g e ,  
3)  Minimum r i v e t  diemeter ,  and 
4 )  R i v e t e d  r i n g  f l a n g e  c o n s t r a i n t s ,  4dr< f R  < d /2 .  
I n  p r a c t i c e ,  t h e  d e s i g n  p r o g r a m  o b t a i n s  s u c c e s s i v e l y  o p t i m i z e d  r i n g  
s i z e   a n d   s p a c i n g   d i s t r i b u t i o n s   f o r   s e v e r a l   s h e l l   t h i c k n e s s e s .  The i n i t i a l  
s h e l l   t h i c k n e s s   a n d  a t h i c k n e s s  i n c r e m e n t  a r e  i n p u t  q u a n t i t i e s ,  a l o n g  w i t h  
s h e l l  g e o m e t r i c a l  d a t a ,  s h e l l  a n d  r i n g  m a t e r i a l  p r o p e r t i e s ,  p ressure  l e v e l ,  
7: T h i s  i s  v e r y  n e a r l y  t h e  o p t i m u m  r a t i o  f o r  l o c a l  s t a b i l i t y  o f  a r i n g  
( c f .  R e f e r e n c e  2 5 ) .  
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minimum r i n g  gage,, minimum r i v e t  d i a m e t e r ,  g e n e r a l  i n s t a b i l i t y  c o r r e l a t i o n  
f a c t o r ,  a n d  a n  e s t i m a t e  o f  t h e  n o r m a l  d e f l e c t i o n  f u n c t i o n  o f  t h e  g e n e r a l  
i n s t a b i l i t y  mode. F o r   e a c h   s h e l l   t h i c k n e s s   t h e   t o t a l   s t r u c t u r a l   w e i g h t ,  
i n c l u d i n g  s h e l l  s k i n ,  i n t e r i o r  r i n g s ,  a n d  a n  estimate f o r  r i v e t  w e i g h t ,  i s  
computed.  The  process i s  t e r m i n a t e d   a f t e r   t h e   t o t a l   s t r u c t u r a l   w e i g h t  
a t t a i n s  a r e l a t i v e  minimum w i t h  r e s p e c t  t o  s h e l l  t h i c k n e s s .  
R i n g   a n d   s t r i n g e r - s t i f f e n e d   t e n s i o n   s h e l l :   T h e   d e s i g n   s t e p   f o r   t h e  
t e n s i o n  s h e l l  n e c e s s i t a t e d  t h e  g e n e r a l i z a t i o n  o f  t h e  c o n e  p r o g r a m  t o  more 
g e n e r a l  s h e l l s  o f  r e v o l u t i o n .  As a r e s u l t  o f  new problems  encountered   in  
t h e  d e s i g n  o f  t h e  t e n s i o n  s h e l l s ,  s e v e r a l  f e a t u r e s ,  i n  a d d i t i o n  t o  t h e  
t r ea tmen t  o f  a more  genera l  shape ,  were added  to  the  program,  as  wel l  a s  
t o   t h e   i t e r a t i o n   p r o c e d u r e   i t s e l f .   T h e   i m p r o v e m e n t s  i n  the   p rocedure  a r e  
r e p r e s e n t e d  by  boxes C and D o f   F i g u r e  10. These r e l a t e  t o  a more p r e c i s e  
method f o r  a c h i e v i n g  l o c a l  s t a b i l i t y  f o r  a l l  r i n g s  a n d  b a y s ,  a n d  a r e  
d i s c u s s e d  f u r t h e r  b e l o w .  
As was shown in  Refe rence  2 ,  r i n g s  a l o n e  a re  n o t  s u f f i c i e n t  t o  s t i f f e n  
a t e n s i o n   s h e l l   c a p s u l e .   S t r i n g e r s   a r e   r e q u i r e d   t o   s u p p r e s s   e x c e s s i v e  
p r e b u c k l i n g   d e f o r m a t i o n s   i n   t h e   b a s e   r e g i o n .   S i n c e   s u c h   s t r i n g e r s   t y p i c a l l y  
r e s p o n d  t o  e n t r y  l o a d s  b y  d e v e l o p i n g  l o n g i t u d i n a l  t e n s i o n ,  t h e y  h a v e  no 
l o c a l   s t a b i l i t y   p r o b l e m s .   F o r   t h i s   r e a s o n ,   a n d   a l s o   b e c a u s e  a r e l a t i v e l y  
s m a l l  w e i g h t  o f  s t r i n g e r s  s u f f i c e s ,  s t r i n g e r  p r o p e r t i e s  a r e  n o t  o p t i m i z e d  
b u t  r a t h e r  t r e a t e d  a s  known da ta   by   the   des ign   program.  
T h e  d e s i g n  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  c o n i c a l  a e r o s h e l l  i s  r easonab ly  
f l a t  and  was t r e a t e d   a s   c o n s t a n t   i n   t h e   d e s i g n   s t e p .   I n   c o n t r a s t ,   t h e   t e n s i o n  
s h e l l  p r e s s u r e  d i s t r i b u t i o n  ( c f .  F i g u r e  3 ) ,  a l t h o u g h  r e l a t i v e l y  f l a t  i n  t h e  
f o r w a r d  r e g i o n ,  h a s  r a p i d  v a r i a t i o n  i n  t h e  b a s e  r e g i o n ,  w h e r e  a p r e s s u r e  
sp ike   occurs   on   the   l eeward   mer id ian .  I t  was   found  tha t   bas ing   the   des ign  
on a mean p r e s s u r e ,  a s  was  done  for   the  cones,  r e s u l t s  i n  a l o c a l  i n s t a b i l i t y  
p r o b l e m   i n   t h e   r e g i o n   o f   t h e   p r e s s u r e   s p i k e .   I n   o r d e r   n o t   t o   i n c u r  a 
s i g n i f i c a n t  s t r u c t u r a l  w e i g h t  p e n a l t y ,  t h e  v a r i a b l e  d e s i g n  p r e s s u r e  d i s t r i -  
b u t i o n  was used   in   the   des ign  s t e p  f o r   t h e   t e n s i o n   s h e l l   c a p s u l e s .  
S ince  no g e n e r a l  i n s t a b i l i t y  c o r r e l a t i o n  h a s  a s  y e t  b e e n  d e v e l o p e d  f o r  
t e n s i o n  s h e l l s ,  as  a n  e x p e d i e n t ,  t h e  c o r r e l a t i o n  u s e d  f o r  c o n e s ,  w i t h  s u i t -  
a b l e  d e f i n i t i o n s  f o r  a v e r a g e  r a d i u s  o f  c u r v a t u r e  and  ave rage  p res su re ,  w a s  
employed ( see   Re fe rence  24 f o r  additional d e t a i l s ) .  I t  i s  emphasized  that  
t h e  c o r r e l a t i o n  so o b t a i n e d  c a n n o t  a c c o u n t  p r o p e r l y  f o r  t h e  d o u b l e  c u r v a t u r e  
o f   t h e   t e n s i o n   s h e l l   a n d ,   f u r t h e r m o r e ,   i n c l u d e s   n o   e f f e c t   o f   s t r i n g e r s .  
However, a s  shown i n   F i g u r e   1 0 ,   e a c h   d e s i g n   o b t a i n e d  i s  a n a l y z e d   f o r   g e n e r a l  
i n s t a b i l i t y ,  a n d  t h e  c o r r e l a t i o n  f a c t o r  i s  changed   un t i l   agreement  i s  reached  
b e t w e e n  d e s i g n  a n d  a n a l y s i s  c r i t i c a l  l o a d s .  
A s  i n   t h e   c o n e   p r o g r a m ,   t h e   l o c a l   s h e l l   m e r i d i o n a l   a n d   h o o p   f o r c e s ,   a s  
w e l l  a s  t h e  r i n g  hoop  forces ,   a re   de te rmined   f rom membrane theory.  However, 
i n   t h i s   c a s e ,   t h e   e f f e c t   o f   m e r i d i o n a l   c u r v a t u r e ,   s t r i n g e r s ,   a n d   v a r i a b l e  
p r e s s u r e  a r e  i n c l u d e d .   I n   t h e  membrane a n a l y s i s ,   n o r m a l   f o r c e   e q u i l i b r i m  i s  
w r i t t e n  o n  a f i n i t e   s h e l l   e l e m e n t   ( o f   w i d t h  d) c e n t e r e d  a t  a r i n g .  I t  i s  
a s s u m e d  t h a t  v a r i a b l e s  i n  t h e  membrane e q u a t i o n s  a p p l y  a t  t h e  c e n t e r  o f  t h e  
23 
e lement ,  i . e . ,  a t  the   r i ng .   Var i ab le s   r equ i r ed   ( she l .1   geomet ry ,   p re s su re ,  
and r i n g  a n d  s t r i n g e r  p r o p e r t i e s )  f o r  t h e  b a y  b u c k l i n g  c r i t e r i o n  a r e  . t a k e n  
a s  mean va lues   ove r   t he   bay .   These   a s sumpt ions  are  v a l i d  o n l y  i f  t h e s e  
v a r i a b l e s   a r e   s l o w l y   v a r y i n g   o v e r   e a c h   b a y .   O t h e r w i s e ,  a d e s i g n  w i l l  b e  
obta ined   which  may b e  l o c a l l y  u n s t a b l e  i n  c e r t a i n  r e g i o n s .  I f  t h i s  o c c u r s ,  
a f i c t i t i o u s  p r e s s u r e  d i s t r i b u t i o n  w i t h  t h e  p r e s s u r e  l o c a l l y  i n c r e a s e d  i n  t h e  
u n s t a b l e  r e g i o n s  ( a n d  p o s s i b l y  d e c r e a s e d  i n  r e g i o n s  w i t h  a l a r g e  s t a b i l i t y  
margin)  i s  i n p u t  t o  t h e  d e s i g n  p r o g r a m  i n  t h e  n e x t  d e s i g n  s t e p .  
S h e l l  a n a l y s i s . -  T h e  s h e l l  d e s i g n  p r o c e d u r e s ,  d i s c u s s e d  i n  t h e  
p r e c e d i n g  s e c t i o n s ,  are b a s e d  o n  c e r t a i n  a p p r o x i m a t i o n s ,  w h i c h  r e q u i r e  
v e r i f i c a t i o n  a n d ,  i f  n e c e s s a r y ,  m o d i f i c a t i o n  b y  m o r e  p r e c i s e  a n a l y t i c a l  
methods .   Wi th   regard   to   the   sandwich   cones ,   th i s   involves  a s t r a i g h t -  
f o r w a r d  c a l c u l a t i o n  of t h e  p r e b u c k l i n g  s ta te  a n d  c o r r e s p o n d i n g  c r i t i c a l  
l o a d ,  as s h o r n  i n  t h e  b o x e s  l a b e l e d  B and E i n  F i g u r e  10. The  methods 
of the computer  programs represented by boxes B y  E ,  and F have been 
p r e s e n t e d  i n  R e f e r e n c e s  2 7  and 2 8 .  
I n i t i a l l y ,  f o r  t h e  c o n e  d e s i g n s ,  t h e  p r e b u c k l i n g  s t a t e  w a s  computed 
a c c o r d i n g  t o  n o n l i n e a r  m o d e r a t e  r o t a t i o n  t h e o r y  u s i n g  a four th  computer  
program which  ex tends  the  ax isymmetr ic  so lu t ion  of  Reference  2 7  by  means 
of  Newton's  method. :-lowever, i t  was  found t h a t   t h e   n o n l i n e a r   e f f e c t  i s  
unimpor tan t   for   the   120°   cones ,   and  so t he   cone   des igns  were c a r r i e d  
7': A s  no ted   p rev ious ly ,   t h i s   s t ep   was   pe r fo rmed   on ly   fo r   t he   t ens ion   she l l  
capsules ,   for   which   the   approximat ions   o f   the   des ign   program  lose   accuracy .  
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o u t   u s i n g   l i n e a r i z e d   p r e b u c k l i n g  s ta tes .  On t h e   o t h e r   h a n d ,   t h e   a n a l y s i s  
o f  t e n s i o n  s h e l l  d e s i g n s  i s  based  exc lus ive ly  on  non l inea r  p rebuck l ing  
s t a t e s  ( a l t h o u g h  w i t h  t h e  f u l l - l e n g t h  s t r i n g e r s  u s e d ,  t h i s  may a l s o  b e  
unnecessa ry ) .  
H e a t s h i e l d  w e i g h t s . -  H e a t s h i e l d  w e i g h t s  were de te rmined  us ing  da ta  
suppl ied   by  NASA f o r  t h e  s u p e r l i g h t  ( 1 4 . 7  l b / f t 3 )  a b l a t o r ,  SLA 561 
(Refe rence   29 ) .   Th i s   da t a  i s  b a s e d   o n   a n   e n t r y   t r a j e c t o r y   i n  a V " 7  Mars 
mode l  a tmosphe re  wi th  an  en t ry  ve loc i ty  o f  16  000 f p s  and an e n t r y  a n g l e  
o f  -i40. A d d i t i o n a l l y ,   t h i s   d a t a   a c c o u n t s   f o r   c a p s u l e   b l u n t n e s s   r a t i o ,  
b a l l i s t i c   c o e f f i c i e n t ,   a n d   h e a t   c a p a c i t y   o f   t h e   p r i m a r y   s t r u c t u r e .  The d a t a  
was p repa red  us ing  a computer  program  (Reference 30) w h i c h  c a l c u l a t e s  t h e  
t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  t h e  a b l a t o r  t h i c k n e s s  a s  a f u n c t i o n  of  time. 
By t r i a l  a n d  e r r o r  t h e  h e a t s h i e l d  t h i c k n e s s  was found which y i e l d s  a backface  
t e m p e r a t u r e  e q u a l  t o  t h e  d e s i g n  v a l u e  a t  25 s e c  a f t e r  t h e  o c c u r r e n c e  o f  maximum 
dynamic p r e s s u r e . j c  
The h e a t  t r a n s f e r  d i s t r i b u t i o n s  u s e d  w i t h  t h i s  d a t a  a r e  p r e s e n t e d  
i n  F i g u r e s  8 and 9 f o r  t h e  c o n e  a n d  t e n s i o n  s h e l l  c a p s u l e s ,  r e s p e c t i v e l y .  
I n  a c c o r d a n c e  w i t h  t h e  r e l a t e d  d i s c u s s i o n ,  t h e  l a m i n a r  d i s t r i b u t i o n s  
are assumed f o r  t h e  c o n e s ,  w h e r e a s  f o r  t h e  t e n s i o n  s h e l l s  i t  is assumed 
t h a t  t r a n s i t i o n  t o  t u r b u l e n t  f l o w  o c c u r s  as i n d i c a t e d  i n  F i g u r e  9 .  
S i n c e  t h e  c a l c u l a t i o n  o f  t h e  h e a t  s h i e l d  t h i c k n e s s  d i s t r i b u t i o n  
r e q u i r e s  a n  estimate of t h e  h e a t  c a p a c i t y  o f  t h e  p r i m a r y  s t r u c t u r e ,  i t  
c a n   b e   d o n e   o n l y   a f t e r  a s t r u c t u r a l  d e s i g n  is o b t a i n e d .  A s  i m p l i e d  i n  
F i g u r e  10,  t h e  mass and s t i f f n e s s  e f f e c t  o f  a c r u d e l y  e s t i m a t e d  h e a t  
s h i e l d  l a y e r  was i n c l u d e d  i n  t h e  s t r u c t u r a l  a n a l y s i s .  A f t e r  a f i n a l i z e d  
d e s i g n  was o b t a i n e d ,  t h e  h e a t  s h i e l d  w e i g h t s  w e r e  then recomputed. 
R e s u l t s  
P o i n t  d e s i g n s . -  I n  t h i s  s e c t i o n ,  e s s e n t i a l  f e a t u r e s  o f  t h e  d e s i g n s  
ob ta ined   a r e   p re sen ted .   P rebuck l ing ,   buck l ing ,   and  stress r e s p o n s e  
c h a r a c t e r i s t i c s  are p r e s e n t e d  f o r  o n l y  t h e  l i g h t e s t  c o n e  a n d  t e n s i o n  
s h e l l  d e s i g n s  f o r  e a c h  b a l l i s t i c  c o e f f i c i e n t .  T h e s e  r e p r e s e n t  t y p i c a l  
r e s p o n s e s  f o r  e a c h  c o n f i g u r a t i o n ,  a n d  t h e  r e m a i n i n g  d e s i g n s  h a v e  e s s e n -  
t i a l l y  similar r e s p o n s e   c h a r a c t e r i s t i c s .  A l l  o f   t he   po in t   des igns   have  
a 1 9  f o o t  b a s e  d i a m e t e r .  A l l  cone   des igns   have  a payload   a t tachment  
;': A f t e r  t h e  o c c u r r e n c e  o f  maximum d y n a m i c  p r e s s u r e ,  t h e  s t r u c t u r a l  t e m p e r a t u r e  
c o n t i n u e s   t o  r i se .  I n   o r d e r   t o   d e c o u p l e   h e a t s h i e l d   d e s i g n   f r o m   p r i m a r y  
s t r u c t u r e  d e s i g n ,  a s  a compromise ,   t he   s t ruc tu ra l   t empera tu re   u sed   w i th   t he  
maximum dynamic   p ressure   loads  i s  t h a t  a t t a i n e d  25 s e c  l a t e r .  
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r a d i u s   o f  34.2 i n .   and  a b l u n t n e s s  r a t i o  ( R N / r B )  of 0 .25 .  The t e n s i o n   s h e l l  
des igns  have  a pay load  a t t achmen t  r ad ius  o f  31 .2  in .  and  a b l u n t n e s s  r a t i o  
o f  0 . 4 2 .  
T h e  b a s e  r i n g s  f o r  t h e  s a n d w i c h  c o n e s  are modera te ly  loaded  
r e l a t i v e  t o  t h o s e  f o r  t h e  r i n g - s t i f f e n e d  c o n e s ,  w h i c h  are l i g h t l y  l o a d e d ,  
and t o  t h o s e  f o r  t h e  t e n s i o n  s h e l l s ,  w h i c h  are heav i ly   l oaded .   Thus ,  
whereas  a l l  o f  t h e  t e n s i o n  s h e l l  b a s e  r i n g s  a n d  n o n e  o f  t h e  r i n g -  
s t i f f e n e d  c o n e  b a s e  r i n g s  are l o c a l  s t a b i l i t y  c r i t i c a l ,  one of  the sand-  
w i c h  c o n e  b a s e  r i n g s  ( 0 . 6 4  s l u g / f t 2 ,  300°F) i s  s t a b i l i t y  c r i t i c a l .  
T y p i c a l l y ,  f o r  t h e s e  d e s i g n s  t h e  l o c a l  stresses i n  t h e  v i c i n i t y  of t h e  
p a y l o a d   r i n g  are h i g h .   S i n c e   t h e   p a y l o a d   i n t e r f a c e  i s  a s   y e t   u n d e f i n e d ,  
t h e  l o c a l  m o d i f i c a t i o n s  r e q u i r e d  t o  r . e d u c e  t h e s e  stresses t o  a l l o w a b l e  
l e v e l s  were not  determined,  and no al lowance for  this  i s  i n c l u d e d  i n  t h e  
s t r u c t u r a l  w e i g h t s  p r e s e n t e d .  
Sandwich  cones:   In   Table  I11 are  p r e s e n t e d  t h e  e s s e n t i a l  e l e m e n t s  
of t he   s andwich   cone   des igns .   Excep t   a s   no ted ,   t he   e l emen t s   o f   t hese  
d e s i g n s  a re  of   a luminum.  The  reduct ion  in   a l lowable stress of  aluminum 
a t  550 F t o  a p p r o x i m a t e l y  20% of i t s  room t e m p e r a t u r e  v a l u e  n e c e s s i t a t e s  
t h e  u s e  o f  t i t an ium a t  t h i s  t e m p e r a t u r e  f o r  t h e  s h e l l  f a c e  s h e e t s  a n d  
p a y l o a d   r i n g .   T y p i c a l l y ,   t h e   c r i t i c a l   h a r m o n i c  fNc > 2 )  f o r  120' sandwich 
( and  r ing - s t i f f ened)  cone  des igns  is 5 o r  6 ,  a s  g i v e n  i n  t h e  p a r e n t h e s e s  
a f t e r   t h e   c o r r e s p o n d i n g   s a f e t y   f a c t o r   i n   T a b l e  111. It  is  n o t e d   t h a t   f o r  
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= 0.32  s l u g / f t 2 ,  t h e  s a n d w i c h  f a c e  s h e e t s  a re  minimum gage.  
The p rebuck l ing  s t a t e ,  buckling  modes,  and stress re sponse  o f  t h e  
( 0 . 6 4 ,  3 0 0 )  sandwich   des ign   a r e  shown i n   F i g u r e s  1 2  through 1 6 .  I n  t h e s e  
f i g u r e s ,  m e r i d i o n a l  d i s t a n c e  i s  measured  f rom the  spher ica l  nose ,  and  
t h e   c u r v e s  s tar t  a t  t h e  p a y l o a d  r i n g  a n d  t e r m i n a t e  a t  t h e  b a s e  r i n g .  A s  
i s  t y p i c a l  f o r  c o n i c a l  s h e l l s ,  t h e  N = 2 i n e x t e n s i o n a l  mode i s  approx- 
i m a t e l y   l i n e a r .  The s h e l l  stresses (T igs .  15 and  16) are w i t h i n   s a f e  
limits f o r  a luminum,  eve rywhere  excep t  i n  the  v i c in i ty  of t he  pay load  
r i n g . *   S i m u l t a n e o u s l y ,   h i g h   l o c a l   t r a n s v e r s e   s h e a r  stresses are 
deve loped   i n   t he   s andwich  bond n e a r   t h e   p a y l o a d   r i n g .   T h e r e f o r e ,   l o c a l  
m o d i f i c a t i o n s  o f  t h e  s h e l l  n e a r  t h e  p a y l o a d  r i n g  may b e  r e q u i r e d .  
R i n g - s t i f f e n e d  c o n e s :  I n  T a b l e  I V  are p r e s e n t e d  t h e  e s s e n t i a l  
f e a t u r e s   o f   t h e   r i n g - s t i f f e n e d   c o n e   d e s i g n s .   I n   T a b l e  I V  t h e  number  of 
i n t e r i o r  r i n g s  r e q u i r e d  is g i v e n  i n  p a r e n t h e s e s  f o l l o w i n g  i n t e r i o r  r i n g  
weight .   Note   tha t   two  des igns  are p r e s e n t e d  f o r  e a c h  b a l l i s t i c  c o e f f i c i e n t  
a t  550 F ,  one  wi th  a luminum in t e r io r  r ings  and  the  o the r  w i th  t i t an ium 
i n t e r i o r  r i n g s .  F o r  B = 0 . 3 2 ,  t h e  aluminum r i n g s   p r o d u c e  a l i g h t e r  
des ign ,   whereas  for 8 = 0 . 6 4 ,  t h e   t i t a n i u m   r i n g s  are s u p e r i o r .  I n  
0 
+: N o t e  t h a t  i n  F i g u r e s  15 and   16 ,   the   magni tudes  shown a r e  f o r  a s a f e t y  
fac tory   o f   0 .3125.  If a s t ress  s a f e t y   f a c t o r   o f   1 . 5  i s  r e q u i r e d ,   t h e  
stresses shown s h o u l d  b e  i n c r e a s e d  b y  t h e  f a c t o r  4 . 8 .  
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c o n t r a s t  t o  t h e  s a n d w i c h  c o n e  d e s i g n s ,  t h e  b a s e  r i n g s  f o r  t h e  r i n g -  
s t i f f e n e d  c o n e s  are v e r y  l i g h t l y  l o a d e d .  However,   comparison  of  Tables 
I11 and I V  shows t h a t  t h e  base r i n g  f l e x u r a l  r i g i d i t y  n e c e s s a r y  t o  
s u p p r e s s  t h e  N = 2 mode of  buckl ing  i s  e s s e n t i a l l y  t h e  same f o r  b o t h  t y p e s  
of   construct ion. ;k  
F i g u r e s  1 7  th rough 20 show t h e  r e s p o n s e  c h a r a c t e r i s t i c s  o f  t h e  m o d i f i e d  
( 0 . 3 2 ,   3 0 0 )   r i n g - s t i f f e n e d   c o n e  design.$r;'C T h e   r a p i d   o s c i l l a t i o n s  shown 
i n  F i g u r e s '  1 7 ,  1 9 ,  and  20 a r e  a m a n i f e s t a t i o n  o f  t h e  d i s c r e t e  i n t e r i o r  
r i n g s .  I n  F i g u r e  18 t h e   n o r m a l i z e d  mass d i s t r i b u t i o n  ( s u r f a c e  d e n s i t y )  
o f  t h e  i n t e r i o r  r i n g s  i s  supe r imposed  on  the  no rma l  de f l ec t ion  shape  
o f   t he   buck l ing  mode. I n  p r a c t i c e ,  t h e  a v e r a g e  d i s t r i b u t i o n  o f  t h e  
n o r m a l  d e f l e c t i o n s  o f  several buck l ing  modes are input  to '  the  cone  des ign  
program.  This i s  done i n  o r d e r  t o  a v o i d  w e a k e n i n g  t h e  s h e l l  w i t h  r e s p e c t  
t o  one mode w h i l e  s t i f f e n i n g  i t  w i t h  r e s p e c t  t o  a n o t h e r .  A s  may be  seen  
by  compar i son  wi th  the  r e su l t s  o f  Re fe rence  20 ( in  which  a uni formly  
r i n g - s t i f f e n e d  c o n e  w a s  compared t o  a sandwich cone of equal weight),  
c o n s i d e r a b l e  b e n e f i t  is  der ived from the design freedom of  nonuniform 
s t i f f e n i n g  (see a l s o   R e f .  3 . 4 ) .  
A s  n o t e d  p r e v i o u s l y ,  t h e  b e n e f i c i a l  e f f e c t  of m e r i d i o n a l  t e n s i o n  i n  
t h e  b a y  b u c k l i n g  c r i t e r i a  was n e g l e c t e d  i n  o b t a i n i n g  t h e s e  r e su l t s .  An 
a d d i t i o n a l  w e i g h t  r e d u c t i o n  c a n  b e  a c h i e v e d  b y  i n c l u d i n g  t h i s  e f f e c t .  
T e n s i o n  s h e l l s :  I n  T a b l e  V are shown t h e  e s s e n t i a l  f e a t u r e s  of t h e  
t e n s i o n   s h e l l   d e s i g n s .  A s  h a s   b e e n   n o t e d ,   s t r i n g e r s   a r e   r e q u i r e d ,   i n  
a d d i t i o n  t o  r i n g s ,  t o  s u p p r e s s  l a r g e  p r e b u c k l i n g  d e f o r m a t i o n s  i n  t h e  
b a s e   r e g i o n .   S i n c e   t h e   s h e l l  w o u l d   b e   s e n s i t i v e  to of f -des ign   l oad ing  
w i t h  s t r i n g e r s  c o n f i n e d  t o  t h e  b a s e  r e g i o n ,  f u l l  l e n g t h  s t r i n g e r s  are 
used .  The weight   pena l ty   incur red   by  s o  do ing ,  i f  any ,  i s  s m a l l .  The 
300°F d e s i g n s  are a l l  a l u m i n u m .   S i n c e   t h e   t i t a n i u m   i n t e r i o r   r i n g s  
compare   f avorab ly   w i th   t he   a luminum  r ings   fo r   t he   550  F r i n g - s t i f f e n e d  
cone  des igns  and  because  the  t ens ion  she l l  base  r ings  a re  heav i ly  loaded ,  
t h e  550°F d e s i g n s  a r e  a l l  t i t a n i u m .  
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Comparison of Table V w i th  Tab le  I V  r e v e a l s  t h e  f o l l o w i n g  e s s e n t i a  
d i f f e r e n c e s  b e t w e e n  t h e  r i n g - s t i f f e n e d  c o n e  a n d  t e n s i o n  s h e l l  d e s i g n s .  
1) The c r i t i c a l   h a r m o n i c   f o r   t e n s i o n   s h e l l s  i s  much g r e a t e r ,  
2 )  F o r   t h e   c o n e s ,   t h e   w e i g h t s   o f   t h e   s h e l l   s k i n   a n d   i n t e r i o r  
b e i n g  i n  t h e  r a n g e  15 - 20. 
r i n g s   a r e   r e l a t i v e l y   b a l a n c e d .   F o r   t h e   t e n s i o n   s h e l l s ,  
t h e   i n t e r i o r   r i n g   w e i g h t  is c o n s i d e r a b l y  less. Corres -  
pond ing ly ,   f ewer   r i ngs  are necessa ry .  
;k I n  a n a l y z i n g  t h e  s a n d w i c h  c o n e s ,  t h e  r e l a t i v e l y  s m a l l  c o n t r i b u t i o n  o f  a 
c l o s i n g  c h a n n e l  r i n g  was i n c l u d e d  i n  t h e  b a s e  r i n g  r i g i d i t e s .  
-La- 
'%'* The N = 2 b u c k l i n g  mode s h a p e ,  b e i n g  e s s e n t i a l l y  t h e  same a s  f o r  t h e  
sandwich  cone, i s  n o t  shown. 
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Not o n l y  are t h e  t e n s i o n  s h e l l  b a s e  r i n g s  h e a v i l y  l o a d e d ,  
b u t  a much g r e a t e r  r i n g  f l e x u r a l  r i g i d i t y  is r e q u i r e d  t o  
s u p p r e s s  t h e  N = 2 b u c k l i n g  mode. A s  a r e s u l t ,  t h e  d i s -  
t r i b u t i o n  o f  w e i g h t  b e t w e e n  c o m p o s i t e  s h e l l  a n d  b a s e  r i n g  
h a s  s h i f t e d  f o r  t h e  t e n s i o n  s h e l l s  t o  l i g h t e r  s h e l l s  b u t  
h e a v i e r   b a s e   r i n g s .   I n   o t h e r   w o r d s ,   i n   c h o o s i n g  a t e n s i o n  
s h e l l  o v e r  a cone,   one i s  buying  a l i g h t e r  s h e l l  f o r  
h e a v i e r  b a s e  r i n g .  
B e c a u s e  o f  t h e  p r o b a b i l i t y  o f  t r a n s i t i o n  t o  t u r b u l e n t  f l o w ,  
a n d  t h e  r e s u l t i n g  h i g h e r  h e a t  t r a n s f e r  rates o n  t h e  a f t  
r e g i o n  o f  t h e  t e n s i o n  s h e l l  c a p s u l e s ,  t h e y  r e q u i r e  h e a v i e r  
h e a t  s h i e l d s .  
C o n s i d e r a b l e  g r e a t e r  t o t a l  e n t r y  w e i g h t s  a r e  p r e d i c t e d  f o r  
t h e  t e n s i o n  s h e l l  c a p s u l e s  b e c a u s e  o f  t h e i r  h i g h e r  computed 
d r a g   c o e f f i c i e n t s  . 
F i g u r e s  2 1  through  25 show t h e  r e s p o n s e  c h a r a c t e r i s t i c s  of t h e  n o d i f i e d  
(0.32,  3 0 0 )  t e n s i o n  s h e l l  d e s i g n , a n d  F i g u r e s  26 th rough 29  show t h e  
r e s p o n s e   c h a r a c t e r i s t i c s  of  t he   mod i f i ed  ( 0 . 6 4 ,  300) d e s i g n ,   F o r   t h e   l a t t e r  
c a s e ,  t h e  N = 2 buck l ing  mode, b e i n g  e s s e n t i a l l y  t h e  same as f o r  t h e  p r i o r  
ca se ,   has   been   omi t t ed .   F igu res   22   and  27 show t h a t  f o r  t e n s i o n  s h e l l s  
t h e  b u c k l i n g  mode is c o n f i n e d  t o  t h e  r a t h e r  s h a l l o w  b a s e  r e g i o n ,  w h e r e  
the  hoop  compressive stress r e s u l t a n t  i s  g r e a t e s t   ( c f .   F i g .  2 1 ) .  Super- 
imposed   on   t hese   cu rves   a r e   t he   r i ng  mass d i s t r i b u t i o n s   o b t a i n e d .  A s  is  
s e e n ,  i n  n e i t h e r  c a s e  d o e s  t h e  d i s t r i b u t i o n  of r i n g  mass f o l l o w  t h e  mode 
s h a p e   a s  wel l  as i t  d o e s   f o r   t h e   r i n g - s t i f f e n e d   c o n e   ( c f .   F i g .  1 8 ) .  This  
d e v i a t i o n  i s  c a u s e d  b y  t h e  i m p o s i t i o n  o f  r i v e t e d  f l a n g e  c o n s t r a i n t s  o n  
t h e  i n t e r i o r  r i n g  d e s i g n  by t h e   d e s i g n   p r o g r a m .   E s s e n t i a l l y   t h e  
dev ia t ion  occur s  ove r  t he  sha l low base  r eg ion  where  h igh  hoop  compress ive  
stress f o r c e s  t h e  r i n g s  t o  b e  v e r y  c l o s e  t o g e t h e r  i n  o r d e r  t o  s u p p r e s s  
bay   buckl ing .  I f ,  b e c a u s e   o f   t h e   f l a n g e   c o n s t r a i n t ,   a d j a c e n t   r i n g s   n e e d  
t o  b e  s e p a r a t e d ,  and  consequent ly   “beefed  up”  to   unload  the  bay,   the  
n o t e d   d e v i a t i o n  may o c c u r .   S i n c e   t h e   s h e l l  i s  much t h i c k e r   f o r   t h e  
( 0 . 6 4 ,  3 0 0 ) d e s i g n ,  t h i s  phenomenon d o e s  n o t  o c c u r  o v e r  a s  l a r g e  a p o r t i o n  
of t he   she l l . ,   and   a s  a r e s u l t  t h e  r i n g  mass d e v i a t i o n  i s  l i m i t e d  t o  a 
smaller r e g i o n .  
Conf igu ra t ion  compar i son . -  Summar ized  in  the  t ab le  be low a re  
t h e   t o t a l   s t r u c t u r e   p l u s   h e a t   s h i e l d   ( n o n u s a b l e )   w e i g h t s ,   e x c e r p t e d   f r o m  
Tab les  111, IVY and V ,  f o r   e a c h   d e s i g n   o b t a i n e d .  
Sand.  cone R . S .  cone T e n s i o n  s h e l l  
.32 . 300 585 (. 133) 559 (. 1 2 7 )  , - 605 (. 1 1 6 )  
5 50 647 ( .  1 4 7 )  628 (. 1 4 3 1 ,  640 (. 1 4 5 )  728  (. 1 4 0 )  
.64  300 703 (. 0 8 0 )  7 6 0   ( . 0 8 6 ) ,  - 7 9 0 (   . 0 7 6 )  
r; 5n 7 8 1  ( . 0 8 9 )  890 (. 1011, 866 (. 098) 929 ( .089) 
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Given   i n   pa ren theses  a r e  t h e  f r a c t i o n a l  p a r t s  o f  t h e  t o t a l  e n t r y  w e i g h t  
wh ich   t hese   we igh t s   r ep resen t .   The   f i r s t   co lumn  unde r   t he   head ing  
R . S .  cone  cor responds  to  the  r ing-s t i f fened  cone  des igns  wi th  a luminum 
i n t e r i o r  r i n g s ,  w h e r e a s  t h e  s e c o n d  c o l u m n  c o r r e s p o n d s  t o  t i t a n i u m  
i n t e r i o r  r i n g s .  
The f i r s t  c o n c l u s i o n  t o  b e  drawn  from th i s  compar i son  is t h a t  
i n  a l l  cases t h e  550 F d e s i g n s  a r e  h e a v i e r  t h a n  t h e  300 F d e s i g n s .  
F o r  t h e  l i g h t w e i g h t  h e a t  s h i e l d  material (SLA-561) c o n s i d e r e d ,   t h e  
r e d u c t i o n  i n  h e a t  s h i e l d  w e i g h t  t o  b e  g a i n e d  by going t o  h i g h e r  s t r u c t u r a l  
t e m p e r a t u r e s  d o e s  n o t  c o m p e n s a t e  f o r  t h e  r e q u i r e d  i n c r e a s e  i n  s t r u c t u r a l  
w e i g h t .   W i t h   r e s p e c t   t o   t h e   c o n e   d e s i g n s ,  i t  i s  s e e n   t h a t   r i n g -  
s t i f f e n e d  c o n s t r u c t i o n  i s  l i g h t e r  t h a n  s a n d w i c h  c o n s t r u c t i o n  a t  B = 0.32 
s l u g / f t 2 ,  w h e r e a s  t h e  r e v e r s e  is t r u e  a t  B = 0 . 6 4 .  The  poor  showing 
of the  sandwich  cones  a t  low b a l l i s t i c  c o e f f i c i e n t  r e s u l t s  p r i m a r i l y  
from minimum f a c e  s h e e t  g a g e  a n d  a d h e s i v e  w e i g h t  l i m i t a t i o n s  o n  t h e i r  
d e s i g n   f o r  low load ing .   I f   one   a s sumes ,   fo r   each   wa l l   cons t ruc t ion ,  a 
l i n e a r  v a r i a t i o n  of n o n u s a b l e  w e i g h t  w i t h  t h e  b a l l i s t i c  c o e f f i c i e n t  i n  
t h e  r a n g e  0 . 3 2  <_ 6 5 0 . 6 4 ,  i t  f o l l o w s  t h a t  f o r  B < 0.42 s l u g / f t 2 ,  r i n g -  
s t i f f e n e d   c o n s t r u c t i o n  i s  l i g h t e r   t h a n   s a n d w i c h   c o n s t r u c t i o n .   F o r  
B > 0 . 4 2 ,  r i n g - s t i f f e n e d  c o n s t r u c t i o n  may s t i l l  b e  d e s i r a b l e  b e c a u s e  of 
e a s e  of f ab r i ca t ion ,   i n spec t ion ,   mak ing   des ign   changes ,   and   h igh  
r e l i a b i l i t y  r e l a t i v e  t o  s a n d w i c h  c o n s t r u c t i o n .  
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A l t h o u g h  t h e  t o t a l  n o n u s a b l e  w e i g h t  r e q u i r e d  i n  t h e  t e n s i o n  s h e l l  
d e s i g n s  is g r e a t e r  t h a n  f o r  t h e  c o n e s ,  b e c a u s e  o f  i t s  much g r e a t e r  t o t a l  
e n t r y   w e i g h t ,   t h e   c o r r e s p o n d i n g   w e i g h t   f r a c t i o n s   a r e   l o w e r .   T h e s e  
r e s u l t s ,  t h e r e f o r e ,  b e a r  o u t  t h e  p o t e n t i a l  u s e f u l n e s s  o f  t h e  t e n s i o n  
s h e l l   c o n c e p t .  However, i t  s h o u l d   b e   n o t e d   t h a t ,   f o r  a g i v e n  b a l l i s t i c  
c o e f f i c i e n t ,  t h e  t o t a l  e n t r y  w e i g h t  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
a v e r a g e   d r a g   c o e f f i c i e n t .   T h e   s t r u c t u r a l   w e i g h t ,   o n   t h e   o t h e r   h a n d ,  i s  
a f f e c t e d  t o  a much lesser d e g r e e   b y   d r a g   c o e f f i c i e n t .   I f  f l o w  s e p a r a t i o n  
occur s  on t h e  t e n s i o n  s h e l l  c a p s u l e s ,  t h e  computed  d rag  coe f f i c i en t  i s  
t o o   l a r g e .   I n   e f f e c t ,   t h e   d r a g   c o e f f i c i e n t   u s e d  (C = 1.78), and  conse- 
q u e n t l y  t h e  t o t a l  e n t r y  w e i g h t s  shown i n  T a b l e  V ,  having been computed 
n e g l e c t i n g  t h e  e f f e c t  o f  f l o w  s e p a r a t i o n ,  r e p r e s e n t  o n l y  u p p e r  bound 
v a l u e s .  
D 
A e r o s h e l l  w e i g h t  c o r r e l a t i o n . -  I n  o r d e r  t o  r e v e a l  t h e  e f f e c t s  of 
c a p s u l e  s i z e ,  maximum dynamic  pressure,   and material, i t  i s  d e s i r a b l e  
t o  f i t  t h e  a e r o s h e l l  w e i g h t s  o b t a i n e d  w i t h  a n  a l g e b r a i c  c o r r e l a t i o n .  
F o r  t h i s  p u r p o s e ,  t h e  w e i g h t s  a s s o c i a t e d  w i t h  t h e  low t empera tu re  
sandwich cone designs were chosen as b e i n g  t y p i c a l  of op t imized  Mars 
c a p s u l e s .  
I n  R e f e r e n c e  2 4 ,  l e a s t - s q u a r e  w e i g h t  c o r r e l a t i o n s  a r e  d e r i v e d  f o r  b o t h  
minimum gage  and  uncons t ra ined  base  r ings  and  she l l s  f rom the  r e su l t s  of  
o p t i m i z i n g  120° t runca ted  sandwich  cones  fo r  two base  d i ame te r s  and  th ree  
u n i f o r m   p r e s s u r e   l o a d i n g s .   T h e s e   s h e l l   c o r r e l a t i o n s   h a v e   b e e n   m o d i f i e d   t o  
a c c o u n t   f o r   a d h e s i v e  bond  and nose s e c t i o n   w e i g h t .   A l s o , t h e   c o n s t a n t s   o f  
t h e s e  c o r r e l a t i o n s  h a v e  b e e n  a d j u s t e d  t o  f i t  t h e  low t empera tu re  resul ts  
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shown i n   T a b l e  111. T h e   b a s e   r i n g   c o r r e 1 a t i o . n ~  were the reby  made to  r e f l e c t  
t h e  a d d i t i o n a l  w e i g h t s  o f  s a n d w i c h  c l o s u r e  a n d  b a s e  r i n g  t u b e  s u p p 0 r t . t  
A d d i t i o n a l l y ,  t h e  b u c k l i n g  p r e s s u r e  p was   conver ted   to   peak  dynamic:  prc3"sure 
qd by u s e  o f  t h e  a p p r o x i m a t e  r e l a t i o n  
which   inc ludes  a f a c t o r   o f   s a f e t y   o f   2 . 2 5 .   T h e   r e s u l t i n g   c o r r e l a t i o n s   a r e  
t h e   f o l l o w i n g :  
Base Ring: W / n p r 3  = 21.0(qd/E) - 7 5  ( 3 )  
= 8.35[  (qd/E)  (t; 'c/rB)2 (6) 
B 
where t;': i s  t h e  t u b e  minimum gage   and   t he   l a rge r   o f   t he  two fo rmulas  
a p p l i e s .  
where 
For   completeness ,  a s i m p l e  c o r r e l a t i o n  f o r  t h e  p a y l o a d  r i n g  w e i g h t  
i s  W/nor = 1 . 5   i n . *   A d d i n g   t h e   t h r e e   c o r r e l a t i o n s   g i v e s   a n  estimate 
o f  t h e  t o t a l  a e r o s h e l l  s t r u c t u r a l  w e i g h t .  P 
E f f e c t  o f  s i z e  a n d  d y n a m i c  p r e s s u r e :  T h e  b a s e  r a d i u s  r B  and 
maximum dynamic   p re s su re  q d  a r e  e x p l i c i t  v a r i a b l e s  i n  E q s .  (5)  th rough 
( 8 ) ,   C o n s e q u e n t l y ,   t h e s e   f o r m r ~ l a s   a r e   v a l l d   € o r   a n y   e n t r y   t r a j e c t o r y .  
I n   F i g u r e   3 0 ,  E q s .  ( 5 )  t h r o u g h   ( 8 )   a r e   d i s p l a y e d   g r a p h i c a l l y   f o r  a l l -  
aluminum d e s i g n s  w i t h  a p a y l o a d  t o  b a s e  r a d i u s  r a t i o  of 0 .3 .  I n  F i g u r e  
3 0 , t h e  1 9  f o o t  b a s e  d i a m e t e r  p o i n t  d e s i g n s  f o r  B = 0.32  and 0 . 6 4  s l u g / f t 2  
a re  r e p r e s e n t e d   b y   t h e  two small c i r c l e s  o n   e a c h   p l o t .  On t h e  b a s e  r i n g  
-+ T h e   e s t i m a t e d   w e i g h t   o f   s h e l l   s p l i c e s   f o r   t h e  low t e m p e r a t u r e   d e s i g n s  i s  
n e g l   i g i b  l e .  
"3 0 
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a n d  s h e l l  w e i g h t  p l o t s  t h e  minimum gage  boundary i s  shown. To t h e  l e f t  
o f   t h i s   boundary ,   ' t he   des igns   a r e   cons t r a ined   by  minimum gage .   Thus   as  
t h e  maximum dynamic  p res su re  inc reases ,  t he  minimum c a p s u l e  s i z e  w h i c h  
is n o t  l i m i t e d  by minimum gage is reduced.  
Ef fec t .   o f  material: From E q s .  (5)  through (8) o n e   c a n   e x t r a c t  
t h e  r e l e v a n t  material parameters .   These  are g i v e n  i n  t h e  t a b l e  b e l o w .  
._ Uncons t ra ined  Minimum gage 
Base r i n g  p / E - 7 5  p( tyk2/E)-333 
S h e l l a  p / E S 4  p [ t f* / rB   + . . 0114(qhr /E t f* ) .667]  
I n  s e l e c t i n g  a material, t hese  pa rame te r s  shou ld  be  used  wi th  ca re  
s i n c e  f o r  a g i v e n  c a p s u l e  s i z e  a n d  maximum dynamic pressure,  one material 
may be  cons t r a ined  by  minimum gage  whereas   another  may n o t .  I f  two 
m a t e r i a l s  are b o t h  c o n s t r a i n e d  o r  b o t h  u n c o n s t r a i n e d ,  t h e n  t h e  o n e  t h a t  
h a s  t h e  l e a s t  v a l u e  of the   cor responding   parameter  i s  b e s t .  
F o r  t y p i c a l  v a l u e s  of  base  d i ame te r  and maximum dynamic  pressure,  
E q s .  ( 5 )  through (8 )  were used   t o   ob ta in   base   r i ng   and   she l l   we igh t s  
f o r   s e v e r a l   m a t e r i a l s .  The r e s u l t s ,   a l o n g   w i t h   t h e  assumed  mater ia l  
p r o p e r t i e s ,   a r e   p r e s e n t e d   i n   T a b l e  V I .  S ince   bo ron   and   g raph i t e   f i l amen t s  
a r e  a t  p r e s e n t  v e r y  e x p e n s i v e ,  e s t i m a t e s  of t h e   c u r r e n t   p r i c e s  f o r  corn- 
p o s i t e s  made w i t h  t h e s e   f i l a m e n t s   a r e  shown. A s  the   t ab le   shows,   the  
g r a p h i t e  f i l a m e n t  c o m p o s i t e  w o u l d  b e  a n  a t t r a c t i v e  m a t e r i a l  i f  i t  were  not  
so expens  ive,  
D E S I G N  EVALUATION 
F a b r i c a t i o n  F e a s i b i l i t y  
M a n u f a c t u r i n g  p r o c e s s e s  a n d  f a c i l i t i e s .  - A s t u d y  of f a b r f c a t i o n  
t e c h n i q u e s  a n d  f a c i l i t i e s  h a s  b e e n  made t o  s u p p o r t  t h e  p r e l i m i n a r y  d e s i g n s  
ob ta ined .  The   pr imary   ob jec t ive  of t h i s  s t u d y  i s  t o  v e r i f y  a c a p a b i l i t y  
f o r  f a b r i c a t i n g  t h e  l a r g e  t h i n  g a g e  s h e l l s  of t h e  s e v e r a l  s t r u c t u r a l  
concep t s .   The   s tudy   encompasses   ma te r i a l   ava i l ab i l i t y ,   fo rming   o f   s t ruc -  
t u r a l  e l e m e n t s ,  j o i n i n g  a n d  a t t a c h i n g  t e c h n i q u e s ,  a n d  f a b r i c a t i o n  of 
l a r g e   s h e l l   s t r u c t u r e s .  T h e   g e o m e t r i c   c o n f i g u r a t i o n s   i n v e s t i g a t e d  a re  
i l l u s t r a t e d  i n  F i g u r e  31. Ring-s t i f  f e n e d  a n d  honeycomb s a n d w i c h  s t r u c t u r e s  
are  c o n s i d e r e d  f o r .  t h e  b l u n t  c o n e ,  a n d  r i n g - s t i f f e n e d  s t r u c t u r e s  a re  con-  
s i d e r e d  f o r  t h e  t e n s i o n  s h e l l .  
a 
~~ ~~~ 
The s h e l l  p a r a m e t e r s  i g n o r e  t h e  m a t e r i a l  d e p e n d e n c e  o f  adhes ive  we igh t .  
The  constant   0 .0114 shown i n  t he  minimum gage  parameter i s  based  on  the 
a s sumpt ion   t ha t  1 - 2.57 y S 5  .75. 
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Material a v a i l a b i l i t y :  The materials o f   p r i m a r y   c o n c e r n  are s h e e t s  
o f   t i t an ium  and   a luminum  a l loys .   Pa rame te r s   o f   i n t e re s t  are minimum gage 
and maximum s h e e t   w i d t h .   T h e   u s e   o f   r e l a t i v e l y   t h i n   g a g e  material i s  
n e c e s s a r y  f o r  t h e  f a c e  s h e e t s  o f  t h e  honeycomb sandwich  she l l  and  the  
s t i f f e n i n g  r i n g s  o f  the r i n g - s t i f f e n e d  shell. Maximum sheet w i d t h  i s  de-  
s i r a b l e  i n  b o t h  c o n f i g u r a t i o n s  t o  m i n i m i z e  t h e  number  of j o i n t s  i n  t h e  
shel l  which w o u l d  i n f l u e n c e  c o s t  a n d  p o s s i b l y  w e i g h t .  A minimum material 
t h i c k n e s s  o f  0.016 i n .  was u s e d  f o r  t h e  aluminum a l l o y  f a c i n g s  o f  t h e  
honeycomb  sandwich ( c f .   T a b l e   1 1 1 ) .   T h i s  i s  a s tandard  commercial  
gage  which i s  a v a i l a b l e   i n  a l l  o f   t h e  common s t r u c t u r a l   a l l o y s .   S h e e t  
width,   however ,  is  somewhat  more r e s t r i c t i v e .   F o r  aluminum  the maximum 
w i d t h   a v a i l a b l e   c o m m e r c i a l l y   i n   t h i c k n e s s e s   u n d e r  0.025 i n .  i s  36  in.   With 
s h e e t s  o f  t h i s  w i d t h ,  e a c h  f a c i n g  o f . t h e  honeycomb s h e l l  would r e q u i r e  
20 “pie-shaped“   sec t ions .   Wi th  a s p e c i a l  m i l l  r u n ,   w h i c h   r e q u i r e s  a mini- 
mum o r d e r  of 4000 l b ,  s h e e t s  of 0.016 s t o c k  55 inches   wide   can   be   p rovided .  
S h e l l s   o f  0 .016  i n .   s t o c k  would t h e n   r e q u i r e   o n l y   1 3   s e c t i o n s .  In t h i c k -  
n e s s e s   o v e r  0 .020 i n . ,   w i d t h s  of 62  i n .   c an   be   p rov ided .   In   gages   ove r  
0 . 0 2 0 ,  s h e e t   w i d t h  i s  l i m i t e d  by the   l eng th   o f  t h e  m i l l  r o l l s .  Below 
0 .020  i n . ,   s h e e t   w i d t h  i s  governed by t h e   m a l l e a b i l i t y   o f   t h e   a l l o y .  The 
less  m a l l e a b l e  a l l o y s  t e n d  t o  f o r m  e d g e  i m p e r f e c t i o n s  w h i c h  h a v e  t o  b e  
trimmed o f f ,  t h u s  r e d u c i n g  t h e  e f f e c t i v e  w i d t h  a v a i l a b l e  f r o m  a g i v e n  r o l l  
l e n g t h .  
S h e e t  t h i c k n e s s  i n  t h e  t i t a n i u m  a l l o y s  p r e s e n t  no a v a i l a b i l i t y  p r o b l e m  
s i n c e  t h e  minimum gage  used i s  0.016 i n .   ( c f .   T a b l e  III), and t h e  
minimum g a g e   a v a i l a b l e   c o m m e r c i a l l y  i s  0.010 i n .  S h e e t  w i d t h  a v a i l a b i l i t y ,  
however, i s  more l i m i t e d .  The maximum s h e e t   w i d t h   a v a i l a b l e   i n   g a g e s   o f  
0.020 i n .  and l e s s ,  i s  42 i n . ,  a n d  t h e  a v a i l a b i l i t y  i n  t h i s  w i d t h  i s  con- 
t i n g e n t  upon t h e  m i l l  b e i n g   p e r m i t t e d   t o   c o i l   t h e   s h e e t .   U n c o i l e d   f l a t  
s h e e t s  a re  a v a i l a b l e  o n l y  i n  36 i nch   w id ths .   Shee t   w id th ,  as i t  may r e l a t e  
t o  a w e i g h t  p e n a l t y  o f  j o i n i n g ,  i s  n o t  c r i t i c a l  i n  t h e  t i t a n i u m  s h e l l s ,  
h o w e v e r ,  s i n c e  t h e  s h e l l  s e c t i o n s  c a n  b e  w e l d e d  w i t h  e s s e n t i a l l y  n o  w e i g h t  
p e n a l t y  . 
F o r m i n g   o f   s t r u c t u r a l   e l e m e n t s :  No forming   opera t ions   need   be   per -  
formed  on c o n i c a l   s h e l l   s e c t i o n s   o f   t h i c k n e s s e s  less than   approx ima te ly  
0.025 i n .   S u c h   t h i n   s e c t i o n s ,   s h e a r e d   t o   t h e   p r o p e r   s h a p e   i n  a f l a t  p a t t e r n  
mere ly  need  to  be  p l aced  in  a l ayup  mold o r  a s s e m b l y  f i x t u r e ,  w h e r e  t h e y  
w i l l  conform  to   the   shape   of   the  mold o r  f i x t u r e  b y  e l a s t i c  f l e x i n g .  
T h i c k e r  s e c t i o n s  a s s e m b l e d  i n  t h i s  m a n n e r  may r e t a i n  e x c e s s i v e  i n i t i a l  
s t r e s s e s .   I f   t h e   n a t u r e   o f   t h e   s t r u c t u r a l   a s s e m b l y   p e r m i t s ,   t h e s e   s t r e s s e s  
c a n   b e   r e l i e v e d   b y  a n o r m a l i z i n g  h e a t  t r e a t m e n t .  I f  t h e  a s s e m b l y  w i l l  n o t  
t o l e r a t e  s u c h  h e a t  t r e a t m e n t ,  i . e . ,  bonded s t r u c t u r e s ,  the s h e l l  s e c t i o n s  
mus t   be   p re fo rmed   be fo re   a s sembly .   In   con ica l   she l l s ,   t hese   s ec t ions   can  
be  formed by r o l l i n g .   S e c t i o n s   o f   t h e   t e n s i o n   c o n e ,   b e c a u s e  of t h e i r  
d o u b l e  c u r v a t u r e ,  would  have t o  b e  formed  by a d r a w i n g  o r  s t r e t c h i n g  
o p e r a t i o n .  
The z - s e c t i o n  r i n g s  o f  t h e  r i n g - s t i f f e n e d  c o n f i g u r a t i o n s  w i l l  be  formed 
i n t o  s t r a i g h t  s e c t i o n s  by t h e   r o l l i n g   o f   s t r i p   s t o c k .   F o r   s m a l l   r a d i u s  
r i n g s ,  t h e s e  s e c t i o n s  w i l l  s u b s e q u e n t l y  b e  f o r m e d  i n t o  r i n g s  b y  r o l l  
bending.  Rings of  l a r g e r   r a d i u s   c a n   b e   e l a s t i c a l l y   f o r m e d   i n t o   t h e  
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a s s e m b l y  f i x t u r e  i f  t h e  r e s u l t i n g  i n i t i a l  s t r e s s e s  c a n  b e  t o l e r a t e d  s t r u c -  
t u r a l l y .  The b a s e  r i n g s  w i l l  b e  f a b r i c a t e d  by f i r s t  r o l l i n g  s t r i p  s t o c k  
i n t o  a s t r a i g h t  t u b u l a r  s e c t i o n  and b u t t   w e l d i n g   t h e  seam.  This  tube, 
approximately 65 f t  long ,  w i l l  be  plugged a t  each  end  and  pressur ized  wi th  
water o r  f i l l e d  w i t h  s a n d .  The f i l l e d  t u b e  w i l l  then  be  formed  into a 
r ing   o f   app rox ima te ly   226  in. d iameter  by r o l l  b e n d i n g .  A f t e r  t h e  r i n g  
i s  f o r m e d ,   t h e   f i l l e r   m a t e r i a l  w i l l  b e  removed  and the  ends  trimmed. The 
r e s u l t i n g  j o i n t  w i l l  be  we lded  o r  sp l i ced  mechan ica l ly  on assembly. 
J o i n i n g  a n d  a t t a c h i n g  t e c h n i q u e s :  A s t u d y  was made o f  b a s i c  j o i n i n g  
a n d  a t t a c h i n g  t e c h n i q u e s  to d e t e r m i n e  t h e i r  a p p l i c a b i l i t y  t o  t h e  c a p s u l e  
s t ruc tu re .   Weld ing ,   r e s in   bond ing   and   mechan ica l   f a s t en ing   a r e   t he   p r in -  
c i p a l  t e c h n i q u e s  s t u d i e d .  Of p r i n c i p a l  i n t e r e s t  i n  w e l d i n g  are the   weld-  
a b i l i t y  o f  t h i n  s h e e t s  o f  a luminum and  t i t an ium a l loys  and  the  ava i l ab i l i t y  
o f  e l e c t r o n  beam welding chambers which would accommodate the capsule 
s t ruc tu re .   Adhes ive   bond ing   has  i t s  g r e a t e s t   a p p l i c a t i o n   i n   t h e  honeycomb 
sandwich  she l l s  where  bond th ickness  has  a s t r o n g  i n f l u e n c e  on s h e l l  w e i g h t  
and  where  s t rength  a t  e l e v a t e d  t e m p e r a t u r e s  v a r i e s  w i t h  bond th i ckness .  
S p e c i a l  p u r p o s e  m e c h a n i c a l  f a s t e n e r s  a r e  o f  i n t e r e s t  i n  t h e  honeycomb 
s a n d w i c h   s h e l l s .   I n   t h e s e   s t r u c t u r e s   f a s t e n e r   i n s e r t s   a r e   r e q u i r e d   f o r  
t h e  a t t a c h m e n t  o f  s t r u c t u r a l  members,  and sandwich core depth places some 
r e s t r i c t i o n  on f a s t e n e r  a p p l i c a t i o n .  
Minimum g a g e s  f o r  r e l i a b l e  w e l d i n g  b y  c o n v e n t i o n a l  s h i e l d e d  a r c  
p rocesses  would  be  approximately 0.020 i n .  f o r  t i t a n i u m  a l l o y s  a n d  a p p r o x i -  
mately 0.025 i n .   f o r  aluminum a l l o y s .   T h e s e   e s t i m a t e s   a r e   b a s e d  upon t h e  
s i z e  o f  s t r u c t u r e s  i n v o l v e d ,  t h e  r e l a t i v e l y  l o n g  seams t h a t  may be  r equ i r ed  
and the   necess i ty   t o   min imize   d i s to r t ion .   Th inne r   gages   can   be   we lded  
s a t i s f a c t o r i l y  by t h e   e l e c t r o n  beam t e c h n i q u e .   F a c i l i t i e s   f o r   e l e c t r o n  
beam weld ing  of  la rge  forms  as t h o s e  u n d e r  c o n s i d e r a t i o n  a r e  v e r y  l i m i t e d ,  
however. A s  a r e s u l t ,  a t  least  € o r   t h e   n e a r   f u t u r e ,   t h e   c o s t   o f   t h i s  
p rocess  as a p p l i e d   t o   t h e   a e r o s h e l l  i s  l i k e l y   t o   b e   h i g h ,  a n d   t h e   a v a i l -  
a b i l i t y  o f  s u c h  f a c i l i t i e s  i s  l i k e l y  t o  p r e s e n t  s c h e d u l i n g  p r o b l e m s .  
Aluminum a l l o y  7039 o r  t i t a n i u m  a l l o y  Ti-6Al-GVa-2Sn a r e  recommended f o r  
w e l d e d   s t r u c t u r e s .  
Res in   bonding   f inds  i t s  g r e a t e s t  a p p l i c a t i o n  i n  t h e  honeycomb sand-  
wich  s t ruc tu res  where in  the  f ac ing  shee t s  a r e  bonded  to  each  s ide  o f  t he  
honeycomb co re .   O the r   s t ruc tu ra l   componen t s  may a l so   be   assembled   by  
bonding.   However ,   the   weight   contr ibut ion of t h e s e   s e c o n d a r y   a p p l i c a t i o n s  
i s  small compared t o   t h e   f a c e   s h e e t   a d h e s i v e   w e i g h t .  Parameters 
o f  p r i m a r y  i n t e r e s t  a r e  t h e  bond s t r e n g t h  a t  300°F and 550°F and the bond 
su r face   dens i ty .   Conven t iona l   bonds ,   such  as Narmco's Metal Bond 302HP, 
h a v e  d e m o n s t r a t e d  r e l i a b l e  p e r f o r m a n c e  i n  many a e r o s p a c e  s t r u c t u r e s  s u b -  
j e c t e d   t o   t e m p e r a t u r e   e n v i r o n m e n t s  up t o   t h e  550°F.   Another   mater ia l   that  
h a s  b e e n  q u a l i f i e d  o n  f i b e r g l a s s  s t r u c t u r e s  a t  5000F f o r  f i f t e e n  m i n u t e s  
i s  Epon 901/B3. This m a t e r i a l  is  c o v e r e d   b y   s p e c i f i c a t i o n  MIL-A-5020, 
Type 11. T h e s e  m a t e r i a l s  a r e  a p p l i e d  i n  v a r y i n g  amounts  depending  upon 
the   t empera tu re   t o   wh ich   t hey  are t o  be   sub jec t ed .   Weigh t s  of the  bonded 
j o i n t  may va r3  f rom 0.05 l b / f t 2  p e r  f a c e  s h e e t  f o r  300°F s e r v i c e  t o  as much 
as 0.20 l b / f t  f o r  500°F s e r v i c e .   I n   o r d e r   t o   m i n i m i z e   s t r u c t u r a l   w e i g h t  
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i t  i s  des i r ab le  tha t  t he  l i gh te s t  bond consis tent  with adequate  s t rength 
be specified.  Manufacturers suggest bond weights of 0.1 lb / f t2  pe r  f ace  
shee t  fo r  300°F se rv ice  and 0.135 l b / f t 2  f o r  s e r v i c e  a t  500°F. The higher 
densi ty  bond forms l a r g e r  f i l l e t s  between the face sheet and the core 
fac ing .  These  la rger  f i l l e t s  provide  a l a r g e r  bonded a rea  on the honeycomb 
ce l l .  This  increased  bond a rea  compensates for the  reduct ion  in  nominal 
bond s t r eng th  a t  elevated temperatures. 
Rivets  are  used to  a t tach the r ings (and s t r inge r s )  t o  the  she l l  sk in  
of the ring-stiffened designs.  The weights of standard rivets can be 
expressed by simple equations since rivet geometry is usually based upon 
r ive t  d iameter .  The following  equation,  expressing  the  weight  of a s ing le  
b raz i e r  head r i v e t  i n  terms  of r i v e t  .diameter and she l l  th ickness ,  i s  
used in  the  des ign  programs t o  es t imate  r ivet  weight .  
w = xpd,* ( .816 d, + t/4) 
Blind r ivets  are  necessary in  several  locat ions to  assemble the base 
r ing  to  the  aeroshe l l .  Such fas teners  a re  requi red  s ince  the  base  r ing  
i s  a c losed  sec t ion ,  permi t t ing  access  to  only  one  end of the fastener .  
These a re  s tandard  fas teners  which are covered by government spec i f ica t ions .  
They a re  ava i l ab le  from several  sources  in  a va r i e ty  of mater ia ls  including 
aluminum a l loys ,  monel and s t a in l e s s  s t ee l .  Gr ip  l eng ths  on the  smaller 
s i zes ,  t yp ica l ly  118 t o  3/16  diam, are  too short  to  reach through the 
honeycomb sandwich.  Therefore, i t  i s  necessary  to  provide cup-shaped 
me ta l  i n se r t s  i n  the  sandwich i n  some locat ions to  permit  the at tachment  
of the base r ing with these fasteners .  
Fabricat ion of l a r g e  s h e l l  s t r u c t u r e s :  The basic  technique  of 
assembling and bonding the sandwich aeroshell i s  common t o  numerous a 
c r a f t  and aerospace s t ructures .  The processing of such  la rge  she l l s ,  
however, requi res  heavy indus t r ia l  fac i l i t i es  to  produce  the  requi red  
tool ing and to   cure   the assembled s t ruc tu re .  It is  an t ic ipa ted   tha t  
i r  - 
the 
s t ruc tura l  l ayup  would be cured a t  a temperature of between 300°F and 350°F 
a t  an autoclave pressure of approximately 50 ps i .  Vendors a re  ava i l ab le  
in the Southern California area, as wel l  as in  o the r  s ec t ions  of the 
country,  with shop faci l i t ies  capable  of producing tooling for the capsule 
s t ruc tures .   In  many instances,   these same vendors  have f a c i l i t i e s  f o r  
assembling and cur ing  the  s t ruc tura l  she l l .  
A cursory study was made of explosive forming techniques as they 
might apply to the ring-stiffened configurations . Although i t  appears 
that conventional airframe manufacturing processes w i l l  be s a t i s f a c t o r y ,  
some cos t  and s t ructural  advantages might be realized with explosive 
forming.  Tooling may cons i s t  of a s tee l - re inforced  concre te  d ie  whose 
in t e rna l  su r f ace  i s  smoothed and s ized with a r e s in  l aye r .  It i s  l i k e l y  
tha t  t he  th in  she l l s  would have t o  be formed between i n i t i a l l y  f l a t  p l a t e s  
of mild s t e e l  o r  aluminum. Each p l a t e  would be  perhaps one inch thick.  
Appropr ia te  res t ra in ts  would be required a t  the edge of the  d ie ,  and a 
gr id  of the forming charge would be suspended over the plates a t  the proper 
standoff distance. This assembly would be submerged i n  a na tu ra l  body of  
water t o  a depth of 30 f e e t  t o  40 f e e t  and the charge ignited.  
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A l t e r n a t e  s e c t i o n  f o r  a e r o s h e l l  b a s e  r i n g .  - The s t r u c t u r a l  d e s i g n s  
which  have  evolved  f rom th is  s tudy  are based  upon the  use  of  base  r ings  
o f   t h i n  wall  c i r c u l a r  c r o s s  s e c t i o n .  A l t h o u g h  t h e  f e a s i b i l i t y  o f  t h i s  
c r o s s  s e c t i o n  h a s  b e e n  e s t a b l i s h e d  w i t h  t u b i n g  f a b r i c a t o r s ,  a c r o s s  s e c t i o n  
which i s  more amenable to  f ab r i ca t ion  and  a s sembly  cou ld  be  deve loped .  
S u c h  a n  a l t e r n a t e  s e c t i o n  s h o u l d  p r o v i d e  t h e  r e q u i r e d  f l e x u r a l  r i g i d i t y  
w i t h o u t  i n c u r r i n g  a s i g n i f i c a n t  w e i g h t  p e n a l t y .  
One a l t e r n a t e  b a s e  r i n g  s e c t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  32. For 
c o m p a r i s o n ,   a n   e q u i v a l e n t   c i r c u l a r   s e c t i o n  is  a l s o  shown.  The moment of 
i n e r t i a  ( a b o u t  a c e n t r o i d a l  a x i s  paral le l  t o  t h e  c o n e  g e n e r a t o r )  of t h e  
a l t e r n a t e  s e c t i o n  is  a p p r o x i m a t e l y  e q u a l  t o  t h a t  of t h e  . c i r c u l a r  s e c t i o n .  
T h e  w e i g h t  o f  t h e  r e s u l t i n g  s e c t i o n  i s  g r e a t e r  t h a n  t h a t  of t h e  c i r c u l a r  
s e c t i o n  by a few  percent .   However ,   th i s   weight   pena l ty  may b e  compen- 
s a t e d  by t h e  f a c t  t h a t  t u b e  s u p p o r t  is n o t  r e q u i r e d  w i t h  t h e  a l t e r n a t e  
s e c t i o n .  
Detail  Drawings of Optimized Designs 
D e s i g n  l a y o u t  d r a w i n g s  w e r e  p r e p a r e d  t o  i l l u s t r a t e  t y p i c a l  m e c h a n i c a l  
d e t a i l s  of  t h e  v a r i o u s  s t r u c t u r a l  c o n c e p t s  as t h e y   a p p l i e d   t o   t h e  two 
ae roshe l l   geomet r i e s .   A l though   ma te r i a l s ,   ma te r i a l   gages ,   and   she l l   d imen-  
s i o n s  v a r y  w i t h  b a l l i s t i c  c o e f f i c i e n t  and s t r u c t u r a l  t e m p e r a t u r e ,  t h e  
b a s i c   s t r u c t u r a l   c o n f i g u r a t i o n   d o e s   n o t   c h a n g e .   T h e r e f o r e ,   d e s i g n   l a y o u t s  
are p r e s e n t e d   f o r   o n l y   o n e   s e t   o f   c o n d i t i o n s ,  p =  0.32 s l u g / f t 2  and 
T = 300°F. 
Honeycomb sandwich  cone. - Figure  33 shows a p r e l i m i n a r y   d e s i g n  l a y -  
o u t  f o r  a  120' cone   of   sandwizh   cons t ruc t ion .  The b a s i c  s t r u c t u r a l  com- 
p o n e n t s  i n  t h i s  c o n c e p t  a r e  t h e  s h e l l  a s s e m b l y ,  t h e  b a s e  r i n g  a n d  t h e  
payload  mounting  r ing.  It is  a n t i c i p a t e d   t h a t   t h e   s h e l l  w i l l  be  assembled 
i n  two p r i n c i p a l   s t a g e s .  The nose   s ec t ion   i nc lud ing   t he   pay load   moun t ing  
r i n g  would  be  layed up  on a male  mold,  bagged,  and  cured.  This  subassembly 
w o u l d  t h e n  b e  i n c o r p o r a t e d  i n t o  t h e  r e a r  s h e l l  s t r u c t u r e  i n  a second 
l a y - u p  o p e r a t i o n  on a con ica l   ma le  mold.  The b a s e  r i n g  would subsequen t ly  
b e  a s s e m b l e d  t o  t h i s  s h e l l  a s s e m b l y  w i t h  c o n v e n t i o n a l  s t r u c t u r a l  f a s t e n e r s .  
The b a s e  r i n g  i s  a t t a c h e d  t o  t h e  s h e l l  w i t h  a t t a c h  d o u b l e r s  a n d  t u b e  s u p -  
po r t s .  These  members a r e  d i s p o s e d  i n  a manner  which w i i l  most e f f e c t i v e l y  
r e a c t  t h e  t e n s i o n  l o a d s  o f  t h e  s h e l l .  
The p r i n c i p a l  materials i n  t h i s  a s s e m b l y  a r e  7075-T6  aluminum a l l o y  
for  the  sandwich  f ace  shee t s ,  pay load  moun t ing  r ing  and  base  r ing ;  5052 
aluminum a l l o y  bonded c o r e  w i t h  a d e n s i t y  o f  5.2 l b / f t 3 ,  and adhes ive  
HT424 (Bloomingdale  Rubber Company) sandwich  bond. 
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R i n g - s t i f f e n e d  c o n e .  - F i g u r e  34 i l l u s t r a t e s  t h e  c o n i c a l  c o n f i g u r a t i o n  
as d e s i g n e d   f o r   r i n g - s t i f f e n e d   c o n s t r u c t i o n .   I n   t h i s   d e s i g n   c u r r e n t  s ta te -  
o f - t h e - a r t   a i r f r a m e   c o n s t r u c t i o n   t e c h n i q u e s   a r e   u s e d .   S h e l l   s e g m e n t s   o f  
7039 a l l o y  are j o i n e d  by s h i e l d e d  arc w e l d i n g  i n t o  a c o n t i n u o u s  f l a t  d e v e l -  
opment of t h e   c o n i c a l   s h e l l .   T h i s   f l a t   d e v e l o p m e n t  i s  e l a s t i c a l l y  formed 
t o  t h e  c o n i c a l  s h a p e  o v e r  s t i f f e n i n g  r i n g s  w h i c h  a r e  l o c a t e d  i n  a n  assembly 
f i x t u r e .  The r i n g s  are r i v e t e d  t o  t h e  s h e l l  a n d  t h e  s h e l l  j o i n t  i s  s p l i c e d  
a n d   r i v e t e d .  The sphe r i ca l   nose ,   wh ich  is formed  by  spinning, is  a t t a c h e d  
t o  t h e  c o n i c a l  s h e l l  s e c t i o n  by a r i v e t e d  s p l i c e  j o i n t .  As i n   t h e   s a n d w i c h  
d e s i g n ,  t h e  b a s e  r i n g  i s  a t t a c h e d  t o  t h e  s h e l l  w i t h  t h e  r i n g  a t t a c h  d o u b l e r s  
and  support  members. L a c k i n g   t h e   e d g e   s t i f f n e s s  of the   sandwich   des ign ,  
t h e  o u t e r  e d g e  o f  t h e  r i n g - s t i f f e n e d  d e s i g n  i s  r e i n f o r c e d  w i t h  a minimum- 
gage   ang le   r i ng .  The  payload  mounting  r ing i s  a f l a n g e d   a n g l e   s e c t i o n  
which i s  machined  from a r i n g  f o r g i n g  o f  7075  aluminum a l l o y  a n d  r i v e t e d  t o  
t h e   c o n i c a l   s h e l l .   I n   t h i s   d e s i g n   s e l f - l o c k i n g   s p l i n e   n u t s   h a v e   b e e n   p r o -  
vided i n  t h e  web o f  t h e  a n g l e  s e c t i o n  t o  p e r m i t  a t t a c h m e n t  o f  t h e  p a y l o a d .  
T h i s  i n t e r f a c e  w o u l d ,  o f  c o u r s e ,  h a v e  t o  b e  t a i l o r e d  t o  t h e  p a y l o a d  s t r u c -  
t u r e  when t h a t  s y s t e m  i s  de f ined .  
P r i n c i p a l  m a t e r i a l s  employed i n  t h i s  d e s i g n  a r e  7039  aluminum a l l o y  
f o r  t h e  s h e l l  and b a s e  r i n g  and  7075-T6  aluminum a l l o y  f o r  t h e  p a y l o a d  
mount ing   r ing  an.d s t i f f e n i n g   r i n g s .   D i m e n s i o n s   a n d   l o c a t i o n s   o f   t h e   s t i f f -  
e n i n g   r i n g s   f o r  a b a l l i s t i c  c o e f f i c i e n t  of 0 .32  s l u g / f t 2  and a tempera ture  
of  300°F are t a b u l a t e d   i n   T a b l e  V I I .  Similar d a t a  f o r  a b a l l i s t i c  c o e f f i -  
c i e n t  o f  0.64 s l u g / f t 2  a r e  p r e s e n t e d  i n  T a b l e  VIIL. 
0A.833 t e n s i o n  s h e l l .  - Figure  35  shows a r i n g - s t i f f e n e d  d e s i g n  f o r  
t h e   0 6 . 8 3 3   t e n s i o n   s h e l l .  The s t r u c t u r a l   c o n c e p t   h e r e  i s  ve ry  similar t o  
t h e  r i n g - s t i f f e n e d  c o n e ,  t h e  main d i f f e r e n c e  b e i n g  t h e  a d d i t i o n  o f  r a d i a l  
s t i f f e n e r s   ( s t r i n g e r s )   e v e r y  4' a round   t he   i n s ide   o f   t he   she l l .   The   t ens ion  
she l l   shape   does   no t   ex t end   fo rward   o f   t he   pay load   r i ng .   She l l   s ec t ions  
cou ld   be   d i e - fo rmed   and   we lded   t oge the r   t o   fo rm  the   comple t e   she l l .   Ro l l  
formed r i n g s  and s t r i n g e r s  would   be   loca ted   in   an   assembly   f ix ture   and  
t h e   w e l d e d   s h e l l   a s s e m b l y   w o u l d   b e   r i v e t e d   t o   t h e s e   s t i f f e n e r s .  A s  i n  t h e  
p r e v i o u s  d e s i g n s ,  t h e  b a s e  r i n g  i s  a t t a c h e d  t o  t h e  s h e l l  a s s e m b l y  w i t h  a 
s e r i e s   o f   d o u b l e r s   a n d   s u p p o r t s .  Where t h e   s t r i n g e r   d e p t h   p e r m i t s ,   t h e y  
a r e   n o t c h e d  to f i t  o v e r   t h e   s t i f f e n i n g   r . i n g s .  Where the   dep th   o f   t he  
r i n g s  a p p r o a c h e s  t h e  d e p t h  o f  t h e  s t r i n g e r s ,  t h e  s t r i n g e r s  a r e  d i s c o n t i n -  
u o u s   o v e r   t h e   r i n g .   M a t e r i a l s   f o r   t h i s   c a p s u l e   a r e  7.039 aluminum a l l o y  
f o r  t h e  s h e l l  and b a s e  r i n g , a n d  7075 a l l o y  f o r  t h e  s t i ' f f e n e r s  and  payload 
moun t ing   r i ng .   D imens ions   and   l oca t ions   o f   t he   s t i f f en ing   r i ngs   fo r  a 
b a l l i s t i c  c o e f f i c i e n t  o f  0.32 s l u g / f t 2  and a temperature   of  300°F a r e  
t a b u l a t e d   i n   T a b l e  I X .  S i m i l a r   d a t a   f o r  a b a l l i s t i c  c o e f f i c i e n t  o f  0.64 




F o r  e a c h  c o n f i g u r a t i o n  (120' s andwich  cone ,  120°  r ing - s t i f f ened  cone ,  
and 0A.833 t e n s i o n  s h e l l )  a n d  f o r  e a c h  b a l l i s t i c  c o e f f i c i e n t  (0.32  and 
0.64 s l u g / f t 2 )  c o n s i d e r e d ,  t h e  300°F d e s i g n s  h a v e  s i g n i f i c a n t l y  s m a l l e r  
n o n u s a b l e  ( t o t a l  s t r u c t u r e  p l u s  h e a t s h i e l d )  w e i g h t s  t h a n  t h e  550°F des igns .  
S i n c e  f o r  m o s t  m a t e r i a l s  t h e r e  i s  v e r y  l i t t l e  s t i f f n e s s  o r  s t r e n g t h  
deg rada t ion  up  to  300°F, t h i s  t e m p e r a t u r e  i s  p r o b a b l y  v e r y  c l o s e  t o  t h e  
op t  i m u m  s t r u c t u r a l   t e m p e r a t u r e .  
A s  a r e s u l t  o f  t h e  e x t r a  d e s i g n  f r e e d o m  o f  v a r i a b l e  r i n g  s i z e  and 
s p a c i n g ,  r i n g - s t i f f e n e d  c o n s t r u c t i o n  is  l i g h t e r  t h a n  s a n d w i c h  c o n s t r u c t i o n  
a t  t h e  l o w e r  b a l l a s t i c  c o e f f i c i e n t .  T h i s  r e s u l t  i s  r e i n f o r c e d  by s e v e r a l  
p r a c t i c a l   d i s a d v a n t a g e s   o f   s a n d w i c h   c o n s t r u c t i o n .  A s  no ted   i n   Re fe rence  1, 
t h e s e  a r e  r e l a t e d  t o  e a s e  o f  f a b r i c a t i o n ,  i n s p e c t i o n ,  making l o c a l  d e s i g n  
changes,   and  the unknown e f f e c t  o f  s t e r i l i z a t i o n  and the   long  vacuum soak 
o f  i n t e r p l a n e t a r y  t r a n s i t  on the  adhesive  bond.  
In  choos ing  a r i n g - s t i f f e n e d  t e n s i o n  s h e l l  o v e r  a r i n g - s t i f f e n e d  c o n e ,  
one i s  buying a l i g h t e r  c o m p o s i t e  s h e l l  ( d u e  t o  l e s s  i n t e r i o r  r i n g  w e i g h t )  
f o r  a h e a v i e r   b a s e   r i n g   a n d   h e a t s h i e l d .  The r e s u l t  i s  a somewhat g r e a t e r  
nonusable   weight .  The a t t r a c t i v e n e s s  of  t h e   t e n s i o n   s h e l l   c o n f i g u r a t i o n  
i s ,  t h e r e f o r e ,  d u e  p r i m a r i l y  t o  i t s  h ighe r   computed   d rag   coe f f i c i en t ,  
which  for  a g i v e n  b a l l i s t i c  c o e f f i c i e n t  a l l o w s  a s i g n i f i c a n t l y  g r e a t e r  
t o t a l   e n t r y   w e i g h t .  However ,   because   there   a re   ex tens ive   reg ions   o f  
p o s i t i v e  p r e s s u r e  g r a d i e n t  i n  t h e  s h o c k  l a y e r ,  i t  i s  p r o b a b l e  t h a t ,  d u e  
t o  f l o w  s e p a r a t i o n ,  t h e  h i g h  d r a g  r e s u l t  w i l l  be degraded  over   major   port ion 
of  t h e   e n t r y   t r a j e c t o r y .   B e c a u s e   o f   t h i s   u n c e r t a i n t y ,   t h e   t o t a l   e n t r y  
w e i g h t s  p r e s e n t e d  f o r  t h e  t e n s i o n  s h e l l  c a p s u l e s  s h o u l d  b e  v i e w e d  o n l y  a s  
upper  bound  values.  One  may t h e r e f o r e   c o n c l u d e   t h a t ,  a t  t h e   p r e s e n t   s t a t e  
of k n o w l e d g e ,  t h e  r i n g - s t i f f e n e d  c o n i c a l  a e r o s h e l l  o f f e r s  t h e  g r e a t e s t  
b e n e f i t  f o r  Mars a p p l i c a t i o n s .  
It s h o u l d  b e  n o t e d  t h a t  i n  o r d e r  t o  a c h i e v e  l i g h t w e i g h t  b a s e  r i n g s  
w i t h  t h e  r e q u i r e d  f l e x u r a l  r i g i d i t y ,  t h i n  w a l l  t u b u l a r  b a s e  r i n g s  h a v e  
been  employed.  Although  weight  al lowancesare made f o r  a d d i t i o n a l  t u b e  
s u p p o r t ,  i t  i s  n o t  known how t h i n  a t u b e  c a n  b e  b e f o r e  t h e  c r o s s  s e c t i o n  
d i s t o r t s   l o c a l l y  a t  t h e   s h e l l   i n t e r f a c e .  I f  t h i s   o c c u r s ,   t h e   r i n g   n o  
longer  provides  the  necessary  suppor t ,  and  the  des ign  may f a i l  i n  a n  
N = 2 buck l ing  mode. T h e r e f o r e ,   a d d i t i o n a l   s t u d i e s   o f   t h e   e f f e c t i v e n e s s  
o f  t h i n  wall t u b u l a r  b a s e  r i n g s  a r e  recommended. 
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APPENDIX 
COMPARISON OF THEORETICAL FLOW FIELD 
RESULTS WITH EXPERIMENT 
A t r a n s i e n t  f i n i t e  d i f f e r e n t  c o m p u t e r  p r o g r a m  h a s  b e e n  u s e d  i n  t h i s  s t u d y  
t o   c a l c u l a t e   a e r o d y n a m i c   l o a d s .   U n t i l   r e c e n t l y ,   t h e r e   h a s   b e e n   v e r y   l i t t l e  
e x p e r i m e n t a l  p r e s s u r e  d a t a  f o r  c a p s u l e  s h a p e s  o f  i n t e r e s t  f o r  M a r t i a n  e n t r y ,  
with  which  the  accuracy  of   the  computer   program  could  be  evaluated.  The pur -  
p o s e   o f   t h i s   s e c t i o n  i s  to   compare  zero  and a s i m p l i f i e d  f i n i t e  a n g l e  o f  
a t t ack  t r ans i en t  compute r  p rogram ca1 ,cu la t ions  wi th  the  120°  sphe re -cons  
expe r imen t s  p re sen ted  in  Refe rence  6 .  
Two-Dimensional  Flow 
The z e r o  a n g l e  o f  a t t a c k  p r o g r a m  u t i l i z e d  i n  t h i s  s t u d y  h a s  b e e n  d e s c r i b e d  
b r i e f l y  i n  t h i s  r e p o r t  and i n  more d e t a i l  i n  R e f e r e n c e  5. A comparison of 
t h e o r e t i c a l  and   expe r imen ta l   shock   shape   and   p re s su re   d i s t r ibu t ion   a r e   g iven  
i n   F i g u r e s  3 6  and 3 7 ,  r e s p e c t i v e l y .  The t h e o r e t i c a l   f i n i t e   d i f f e r e n c e   s h o c k  
shape ,  as w e l l  as a f i r s t  a p p r o x i m a t i o n  i n t e g r a l  r e l a t i o n  r e s u l t ,  i s  compared 
wi th   expe r imen t   i n   F igu re  3 6 .  The time d e p e n d e n t   s h o c k   p o s i t i o n   r e s u l t  i s  
a l m o s t   i d e n t i c a l   w i t h   e x p e r i m e n t .  The i n t e g r a l   r e l a t i o n   s h o c k   p o s i t i o n  i s  
a l s o  v e r y  a c c u r a t e ,  a l t h o u g h  t h e  s h o c k  s t a n d - o f f  d i s t a n c e  i s  underes t imated  
i n   t h e   b a s e   c o r n e r   r e g i o n s .   A l s o  shown i n   F i g u r e  36  is t h e  f i n i t e  d i f f e r e n c e  
g r i d   s p a c i n g   a l o n g   t h e   b o d y .   T h e   g r i d   s p a c i n g   i n   t h e   d i r e c t i o n   n o r m a l   t o   t h e  
body w a s  e s t a b l i s h e d  by d i v i d i n g  t h e  s h o c k  l a y e r  i n t o  f i v e  e q u i d i s t a n t  c e l l s .  
The t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n  i s  v e r y  c l o s e  t o  t h e  e x p e r i m e n t  
ove r  t he  ma jo r i ty  o f  t he  body  excep t  i n  the  r eg ion  o f  t he  sphe re -cone  junc t ion  
and   t he   base   co rne r .  The i n v i s c i d   p r e s s u r e   d r o p   a n d   r e c o v e r y  a t  the   sphe re -  
cone  junc t ion  p robab ly  does  no t  appea r  i n  the  expe r imen t  because  o f  v i scous  
e f f e c t s .  The d e v i a t i o n   b e t w e e n   t h e   t h e o r e t i c a l   a n d   e x p e r i m e n t a l   p r e s s u r e   d i s -  
t r i b u t i o n  i n  t h e  b a s e  c o r n e r  r e g i o n  may be  due  to  low  Reynolds  number e f f e c t s  
Angle of Attack Flow 
The ang le  o f  a t t ack  computa t ion  i s  c a r r i e d  o u t  by p e r f o r m i n g  c a l c u l a t i o n s  
similar to  those  in  the  two-d imens iona l  p rogram in  bo th  the  windward  and  l ee -  
ward  planes  of  symmetry. A c ross f low  approx ima t ion  is used   t o   coup le   t he  two 
computa t iona l   p l anes .  The f low  equa t ions ,   t he   c ros s f low  approx ima t ion   and  
the  compar ison  of  theory  and  exper iment  a re  d iscussed  in  the  fo l lowing  
paragraphs .  
The  body i s  d e s c r i b e d   i n  a c y l i n d r i c a l   x ,  r ,  8 c o o r d i n a t e   s y s t e m   w i t h   t h e  
x-ax is   a long   the   ax is   o f   symmetry   o f   the   body.  A plane  of   symmetry  of   the 
f l o w  f i e l d  i s  fo rmed  by  the  body  ax i s  and  the  f r ees t r eam ve loc i ty  vec to r .  
The a n g u l a r   c o o r d i n a t e  6 i s  measured   f rom  the   l eeward   por t ion   o f   th i s   p lane ,  
6 = 0, t o  t h e  windwa;d p o r t i o n ,  6 = n. Radia l   d i s t ances   f rom  the   x -ax i s  are 
measured   by   the   r -coord ina te .   The   f lu id   ve loc i ty   components  are r e s p e c t i v e l y  
u, v,  w i n   t h e   x ,  r , 8  d i r e c t i o n s .  
The d i f f e r e n c e  e q u a t i o n s  a r e  b a s e d  o n  t h e  c o n s e r v a t i o n  laws f o r  f l u i d  f l o w  
w r i t t e n  i n  t h e  f o r m  
( f v ) t  + (PuvIx + (PV + P),  + ( p w / r ) O  + p(v - w ) / r  = o 2 2 2  
w h e r e   t h e   s u b s c r i p t s  t ,  x,  r ,O d e n o t e   p a r t i a l   d i f f e r e n t i a t i o n  t be ing  
t i m e .   U s i n g   t h e   s t a t e   e q u a t i o n   f o r   t h e   i n t e r n a l   e n e r g y  in the  form 
t h e   t o t a l   f l u i d   e n e r g y  E i s  de f ined  as 
~ = e + k ( u ~ + v ~ + w )  2 
The r e m a i n i n g   v a r i a b l e  H i s  t h e   s t a g n a t i o n   e n t h a l p y  
H = E + p / p  
In   the   p rogram  the  i dea l  g a s  e q u a t i o n  o f  s t a t e  i s  employed 
p = (y-1)P.e 
The system  of   equat ions is  i d e n t i c a l  t o  t h e  t w o - d i m e n s i o n a l  c a s e  e x c e p t  f o r  
a d d i t i o n a l   t e r m s   i n v o l v i n g   t h e   c r o s s f l o w   v e l o c i t y  w and 0 - d e r i v a t i v e s .  
By symmet ry ,   t he   f l ow  va r i ab le s   u ,   v ,  p ,  p and h a r e   v e n   f u c t i o n s   o f  6 ,  
whereas w i s  an odd f u n c t i o n   o f  0. Cosine   and   s ine   po lynominals   respec-  
t i v e l y  a r e  u s e d  t o  r e l a t e  p o i n t s  i n  similar l o c a t i o n s  o f  d i f f e r e n t  p l a n e s ,  
6 = c o n s t a n t ,   t h r o u g h   t h e   s h o c k   l a y e r .   F o r  a f i r s t  approx ima t ion ,   t he  
v a r i a t i o n s  i n  fj are comple te ly   descr ibed  by t h e  v a l u e s  o f  t h e  v a r i a b l e s  i n  
t h e  8 =  0,  n p l a n e s .   I n   t h e s e   p l a n e s ,   t h e   c r o s s f l o w   v e l o c i t y ,  w ,  v a n i s h e s ,  
a n d   t h e   f o u r   e q u a t i o n s   f o r   t h e   r e m a i n i n g   v a r i a b l e s   u ,  v ,  p , p   r e s e m b l e   t h e  
two-d imens iona l   equa t ions   excep t   fo r   t he   nonze ro   0 -de r iva t ive   t e rms .   In   t h i s  
s i m p l i f i e d  p r o g r a m ,  t h e  c r o s s f l o w  w a s  de te rmined   f rom  the   requi rement   tha t   the  
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s t a g n a t i o n   e n t h a l p y   b e   c o n s t a n t  i n  t h e  @ =  0,  n / 2  and n p lanes .  The q u a n t i t e s  
approximated   by   t r ignometr ic   po lynominals  are u ,   v ,  w,p ,  p,   and  h.   Since 
u, v , p ,  p and h are e v e n   f u n c t i o n s  of 8, t h e   s i m p l e s t   a p p r o x i m a t i o n  i s  of  
the   form 
me c o e f f i c i e n t s  i n  t h i s  e q u a t i o n  are e v a l u a t e d  i n  t e r m s  o f  t h e  v a l u e  o f  
u a t  8 = O,n a n d   t h e   r e s u l t  i s  
Here  and i n  t h e  f o l l o w i n g ,  a s u p e r s c r i p t  i n  p a r e n t h e , s i s  i n d i c a t e s  t h e  v a l u e  
of 6 a t  w h i c h   t h e   a s s o c i a t e d   v a r i a b l e  i s  e v a l u a t e d ,  Similar e x p r e s s i o n s   h o l d  
f o r  V Y  p, P ,  and  h. 
The c r o s s f l o w   v e l o c i t y  i s  an odd f u n c t i o n   o f  8 and i s  approximated by 
the polynominal  
When t h e   p o l y n o m i n a l   e x p r e s s i o n s   f o r  u ,  v,   and h i n   t h e  8 = 0 ,  n / 2 ,  and 77 
p lanes  a re  combined  wi th  the  cons t an t  s t agna t ion  en tha lpy  cond i t ion ,  
H(O) = H ( n / 2 )  = H ( n ) ,   t h e   f o l l o w i n g   e x p r e s s i o n   f o r  w ( n / 2 )  i s  ob ta ined :  
The @ - d e r i v a t i v e   t e r m s  i n  the  planes  of   symmetry  are   evaluated  as   fol lows:  
In   the   computa t ion   scheme,   these   t e rms ,   which   a re   func t ions   on ly   o f  o =  0 and 
n f l o w   v a r i a b l e s ,   a r e   t r e a t e d  as inhomogeneous terms t h a t  a r e  known f r o m   t h e   l a s t  
t i m e   s t e p .   T h u s ,   i n   t h e   s i m p l i f i e d   a n g l e   o f   a t t a c k   p r o g r a m ,   t h e   w i n d w a r d   a n d  
leeward  p lane  of  symmetry  ca lcu la t ions  a re  coupled  by a c ross f low approx ima t ion  
t h a t  o n l y  i n v o l v e s  f l o w  v a r i a b l e s  i n  t h e s e  p l a n e s  a t  t h e  p r e v i o u s  t i m e  s t e p .  
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An a l te rna te  h i g h e r  o r d e r  a p p r o x i m a t i o n ,  t h a t  i s  a p p l i c a b l e  f o r  c o n e s ,  h a s  
I been  sugges ted  by  P. Bobbi t t  o f  the  Langley  Research  Center  of  NASA.  Th'e 
p r e s s u r e  d i s t r i b u t i o n  is  q u i t e  f l a t  i n  t h e  r e g i o n  o f  t h e  l e e w a r d  p l a n e .  
~ e x p e r i m e n t a l   r e s u l t s   p r e s e n t e d   i n   R e f e r e n c e  6 i n d i c a t e   t h a t   t h e   c i r c u m f e r e n t i a l  
~ The c o n d i t i o n   , a 2 p / &  = 0, i s  t h e r e f o r e  a p p l i c a b l e  a n d  t h e  t r i g o n o m e t r i c  ( 2 ) ( n )  
p o l y n o m i n a l  d e s c r i b i n g  t h e  c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n  i s  
1 I f   t h e   d i s t r i b u t i o n s   f o r   u ,  v ,  and w are assumed t o   b e  similar t o   t h e   p r e s s u r e ,  
t h e   e x p r e s s i o n   f o r   t h e   c r o s s f l o w  term becomes 
A comparison of  the two c ross f low mode l s  p re sen ted  in  Equa t ions  ( A l )  and (A2) 
shows t h a t  t h e  f l a t t e r  p r o p e r t y  p r o f i l e  i n  t h e  l e e w a r d  p l a n e  r e d u c e s  t h e  c o u p l i n g  
in f luence  o f  t he  c ros s f low.  
N u m e r i c a l  s o l u t i o n s  u t i l i z i n g  t h e  two crossflow models were compared with 
t h e  l o o  ang le   o f   a t t ack   expe r imen t s   o f   Re fe rence  6. A comparison  of   the  theo-  
r e t i c a l  a n d  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  windward  and  leeward 
planes  of  symmetry i s  shown i n  F igu re  3 8 .  The 0.433 c ross f low model c l o s e l y  
a p p r o x i m a t e s  t h e  e x p e r i m e n t a l  r e s u l t s  e x c e p t  i n  t h e  r e g i o n  o f  t h e  s p h e r e - c o n e  
j u n c t i o n .  The d e c r e a s e  i n  p r e s s u r e  p r e d i c t e d  i n  t h i s  r e g i o n  i s  probably   no t  
p r e s e n t  i n  t h e  e x p e r i m e n t  b e c a u s e  o f  v i s c o u s  e f f e c t s .  The 0.50 c r o s s f l o w   r e -  
s u l t  i s  similar t o  t h e  0.433 r e s u l t ,  e x c e p t  t h a t  t h e  windward p r e s s u r e s  a r e  
s l i g h t l y  u n d e r e s t i m a t e d  a n d  t h e  l e e w a r d  p r e s s u r e s  a r e  s l i g h t l y  o v e r e s t i m a t e d .  
A 20° a n g l e  o f  a t t a c k  s o l u t i o n  was a l s o  a t t e m p t e d  f o r  a 120° sphere-cone. 
The 20° a n g l e  o f  a t t a c k  e x p e r i m e n t  i n d i c a t e d  t h a t  t h e  s t a g n a t i o n  p o i n t  i s  
l o c a t e d  on the   conica l   por t ion   o f   the   body,   whereas   the   theory   ind ica ted   tha t  
t h e   s t a g n a t i o n   p o i n t  i s  on the  sphere-cap.  The p r e s s u r e  l e v e l s  c a l c u l a t e d  i n  
the   windward   p lane   a re   subs tan t ia l ly   be low  the   exper imenta l   va lues .  I t  i s  
conc luded   t ha t   fo r   t he   g iven   veh ic l e   geomet ry   and   f l ow  cond i t ions ,  a = 20° 
exceeds the limit o f  a p p l i c a t i o n  o f  t h e  s i m p l i f i e d  a n g l e  o f  a t t a c k  c o m p u t e r  
program. 
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TABLE I 
FLIGHT CONDITIONS  AT PEAK DYNAMIC PRESSURE 
Freestream  Conditions 
Altitude.  ft . . . . . . . . . . . . .  61 000 
Velocity. V,. ftlsec . . . . . . . . . .  11 000 
Density. P,. sluglft3 . . . . . . . . .  3.8 x 
Temperature. T,. K . . . . . . . . . .  100 
Pressure. p,. p s f  . . . . . . . . . .  0.773 
Xco2. mole fraction . . . . . . . . . .  1.0 
Dynamic pressure. qd.  psf . . . . . . . .  228 
Angle of attack. a. deg . . . . . . . . . .  0 
0 
Shock Layer  Stagnation Point Conditions 
Pressure. ps. psi . . . . . . . . . .  3 . 0 4 8  
Temperature. K 2713 
Molecular weight . . . . . . . . . . .  36.5 
Xco. mole fraction . . . . . . . . . .  0.311 
Xco2. mole fraction . . . . . . . . . .  0.518 
X . mole fraction . . . . . . . . . .  0.140 
Xo. mole fraction . . . . . . . . . .  0.031 




OA.833 TENSION  SHELL  FLIGHT  CONDITIONS  AT PEAK DYNAMIC  PRESSURE. 
NONZERO  ANGLE OF ATTACK 
[From  Ref . 21 
Freestream  Conditions 
Altitude.  ft . . . .  
Velocity. V,. ft/sec . . 
Density. P,. slug/ft3 . 
Temperature. T,. K . . 0 
Pressure. p,. p s f  . . 
X . mole fraction . . 
Dynamic pressure. qd’ Psf 
Angle of attack Q deg . 
co2 
e’ 
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
66 000 







Shock  Layer  Stagnation  Point  Conditions 
Pressure. ps. psi . . . . . . . . . .  1.83 
Temperature. K . . . . . . . . . . .  2445 
Xco. mole fraction . . . . . . . . . .  0.185 
X . mole fraction . . . . . . . . . .  0.72 
TS . 0 
co2 . mole fraction . . . . . . . . . .  0.088 
Xo. mole fraction . . . . . . . . . .  0.0092 
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TABLE I11 
SANDWICH CONE DESIGNS 
(. 3 2   s l u g l f  t2, 300°F) 
S t a b i l i t y  S a f e t y  F a c t o r  
= 2.22(2) 
= 2.48(5) 
S h e l l  A f t  of Payload Ringa 
tc = 0.947 in .  
t = 0.016  in .  




t = 0 .035  in .  
R = 4.37 in .  
W = 92 l b  
Payload Ring 
W = 1 6  l b  
.Heat S h i e l d  
W = 1 2 6  l b  
Nonusable Entry Weight' 
W = 585 l b  
Tota l  Ent ry  Weight  
W = 4400 l b  






















24 ( T i )  
93 
7 8 1  
8800 
a I n c l u d e 3  0 .1  and  0 .135  lb / f  t 2 / f ace  shee t  adhes ive  we igh t  fo r  300°F 
and  550 F d e s i g n s ,  r e s p e c t i v e l y .  A l s o  i nc ludes   we igh t   a l l owance  
f o r  s p l i c e s .  
Inc ludes  we igh t  a l lowances  fo r  s andwich  c losu re  and  tube  suppor t .  




RING-STIFFENED  CONE  DESIGNS 
( .32 slug/f t2, 3 0 0 ° F )   ( . 3 2 ,   5 5 0 )   ( . 6 4 ,   0 )  
(1) Stability  Safety  Factor 
= 2 . i 6 ( 2 )   2 . 2 5 ( 2 )   2 . 2 5 ( )  
= 2 . 1 6 ( 5 )   2 . 3 1 ( 6 )   2 . 0 9 ( 5 )  
(2 )  Unstiffened  Shell  Aft  of  Payload  Ring 
t = 0 . 0 4 2  in. 0 . 0 3 6 ( T i )  0.036(Ti) 
W = 1 8 0  lb 
( 3 )  Interior Rings 
W = 140 lb ( 3 8 )  
a 
( 4 )  Base Ring b 
t = 0.037 in. 
R = 4.59  in. 
W = 8 5  lb 
( 5 )  Payload Ring 
W = 7 1 b  
( 6 )  Heat Shield 
W = 116 l b  
( 7 )  Nonusable  Entry  Weight C 
W = 559 l b  
( 8 )  Total  Entry  Weight 
W = 4400 
244 






6 2 8  
4400 
244 
1 7 2 ( 3 9  Ti) 
0 . 0 4 0  
5 .05  
101 
10 (Ti) 
7 3  
6 4 0  
4400 
2 . 0 3 ( 2 )  
2 . 0 3 ( 5 )  
0 . 0 5 2  
223  
2 4 8   ( 3 4 )  
0 . 0 4 3  
5.37 
1 1 5  
1 2  
117 
7 6 0  
8 8 0 0  
a Includes  allowance  for  rivet  weight. 
Includes  weight  allowance  for  tube  support. 
Includes  allowance  for  nose  section. C 
( - 6 4 ,   5 5 0 )  
2 . 1 9 ( 2 )  2 . 2 5 ( 2 )  
2 . 1 9 ( 5 )  2 . 0 6 ( 5 )  
0 . 0 4 8  (Ti) 0 . 0 4 6  (Ti) 
325 
2 7 3   ( 3 7 )  
0 . 0 4 8  
5 .96  
142  
19  (Ti) 




2 5 4 ( 3 5  Ti) 
0 . 0 4 8  
6 . 0 1  
143 
19 (Ti) 
8 3  
866 





OA.833  TENSION  SHELL  DESIGNS 
( .32  slup;/f t2, 300°F) (. 32, 550) (. 64, 300) 
Stability  Safety  Factor 
XSF = 2.13(2)  2. 40 (2)  2.14(2) 
= 2.23(20) 2.69 (20)  2. 4(15) 
Unstiffened  Shell  Aft of Payload  Ringa 
t = 0.044 in. 0.036  0.062 
W = 202 lb 269 274 
Interior  Rings b 
W = 64(29) 100 (31) 72 (23) 
90 (. 5 x, 75 x. 1 x .  016 in. 1 Full  Length  Stringers 
W = 25 40 25 
b 
Base RingC 
t = 0.048 in. 0.042 0.068 
R = 5.20 in. 4.62  6 07 
W = 127 lb 157  210 
Payload  Ring 
W = 7 1 b  10 13 
Heat Shield 
W = 159 lb 124 168 
d 
W = 605 7 28 790 
Nonusable  Entry  Weight 
Total  Entry  Weight 
W = 5200 lb 5200 10 400 














~ _ _ _  ~~ 
a 
~ 
Includes  weight  allowance  for  ring-stringer  fasteners. 
Includes  allowance  for  rivet  weight. 
Includes  weight  allowance  for  tube  support. 
Includes  allowance  for  nose  section. 
C 
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120' SANDWICH  CONE 
qd = 400 psf  
2rg = 15 f t  
rP/rB = .3 
PC = .03pf 
Adhesive wt. = .1 l b / f t 2 / f a c e  sheet . 
Base  Ring  Shell 
p (lb/in. 3 ,  E  (psi) t*(in.) W(lb) t *(in.) W(1b) f 
,065 6.5 x l o 6  .035 52 . 0 10  165 
. l oo  10.4 .025 5 7  .010 203 
.158 17.0 .020 62 .008 25 5 
.283 29.n .016 785 .005 358 
.0744 9.5¶ .027 45 .027 200 5 
.055 6.5¶ .012 44 .012 146 
.0738 3.5¶ .020 94 .020 216 
¶ Isotropic weave 









































TABLE VI1 RING  LOCATIONS & DIMENSIONS,   IN .  






































































































































NEXT  LARGEST 




















































T A B L E   V I 1 1   R I N G   L O C A T i O N S  & D IMENSIONS,   IN .  























































































































































































TABLE I X   P I N G   L O C A T I O N S  & D I M E N S I O N S ,   I N . *  
0A.833 T e n s i o n  Shell, T = 300OF, B = 0.32 Slug/Ft 

























































































































NEXT  LARGEST 













TABLE X RING  LOCATIONS & DIMENSIONS, IN. 2 
0A.833 Tension Shel l ,  T = 3OO0F, B = 0.64 Slug/Ft 
ALUMINUM  ALLOY 




3  76.05 
4  79.07 
5  81.48 
6  83.56 
7  85.42 
8 87.12 
9  88.91 
10  90.84 
11 92.71 
12  94.53 
13  96.57 
14  98.48 
15 100.3 
16  101.9 
17  103.4 
18  104.8 
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FIGURE 4. BODY PRESSURE DISTRIBUTION AND BOW SHOCK POSITION FOR THE OA.6 5 TENSION SHELL 
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FIGURE 5. BODY PRESSURE DISTRIBUTION AND BOW SHOCK POSITION FOR A 
1400 CONE (RN/rB = .25) 
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0 MODIFIED NEWTONIAN 
0 NEWTONIAN- BUSEMANN 
( C E N T R I F U G A L  CORRECTION) 
c-= 1 . 5 7  
e 
I 
BODY  COORDINATE, r / r B  BODY COORDINATE, 'IfB 
1.0 .a . 6  .4  .2  .2 .4 .6 .a 1 .o 
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kl LAMINAR DISTRIBUTION 
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8 OA .65 TENSION SHELL 
















I 1 1 1 I I 
0 1.’0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0  2.0 13.0 11 .O 
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FIGURE 12. PREBUCKLING  STRESS  RESULTANTS AND ROTATION, 120' SANDWICH 
CONE (0.64 Slug/Ft?, 300'F) S.F. = 2.25 
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FIGURE 13.  BUCKLING MODE DISPLACEMENTS, 120°  SANDWICH corn 
(0 .64  S l u g / F t ? ,  300'F) N = 5 ,  S . F .  = 2.10 
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B -  
FIGURE 14.  BUCKLING MODE DISPLACEMENTS, 120' SANDWICH  CONE 
( 0 . 6 4  S l u g / F t ? ,  300'F) N = 2 ,  S . F .  = 2 .06  
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FIGURE 15.  MAXMUM SHELL STRESSES, 120° SANDWICH  CONE (0.64 S l u g / F t ? ,   3 0 0 ° F )  
LAYER NO. 1 (INNER FACE) S . F .  = 0 . 3 1 2 5  
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FIGURE 16. MAXIMUM SHELL STRESSES, 120'  SANDWICH CONE (0 .64  S l u g / F t ? ,  300'F) 
LAYER NO. 3 (OUTER FACE) S . F .  = 0 . 3 1 2 5  
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FIGURE 17. PREBUCKLING STRESS RESULTANTS AND ROTATION, 120°  RING STIFFENED 
CONE  (0.32  Slug/Ft?, 300°F) S.F. = 2.25 
71 
FIGURE 18. BUCKLING MODE DISPLACEMENTS, 120°  R I N G  STIFFENED CONE 
(0 .32  S l u g / F t ? ,  300'F) N = 5 ,  S . F .  = 2.16  
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FIGURE 1 9 .  MAXIMUM SHELL STRESSES, 120' RING STIFFENED CONE 
(0 .32  S l u g / F t ? ,  300°F)  LAYER NO. 1 (INNER FACE) S . F .  = 0 . 6 2 5  
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FIGURE 20 .  MAXIMUM SHELL STRESSES, 120° RING  STIFFENED CONE 
(0 .32  S l u g / F t ? ,   3 0 0 ° F )  LAYER NO. 1 (OUTER FACE) S . F .  = 0 . 6 2 5  
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FIGURE 2 1 .  PREBUCKLING STRESS PSULTANTS AND ROTATION, 0A.833 TENSION 
SHELL (0.32 S l u g / F t . ,  300°F) S.F. = 2.25 
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FIGURE 2 2 .  BUCKLING MODE2DISPLACWNTS, 0A.833 TENSION  SHELL 
( 0 . 3 2  S l u g / F t . ,  300°F) N = 2 0 ,  S.F. = 2 . 2 3  
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FIGURE 2 3 .  BUCKLING MODE DISPLACEMENTS, 0 A . 8 3 3  TENSION SHELL 
( 0 . 3 2  S l u g / F t ? ,   3 0 0 ° F )  N = 2 ,  S . F .  = 2 . 1 3  
77 
FIGURE 2 4 .  M A X I "  SHELL2STRESSES, 0 A . 8 3 3  TENSION SHELL 
( 0 . 3 2   S l u g / F t . ,   3 0 0 ° F )  LAYER NO. 1 (INNER FACE) S . F .  = 0 . 3 1 1  
78 
FIGURE 2 5 .  MAXIMUM SHELL STRESSES, 0A.833 TENSION SHELL 
( 0 . 3 2   S l u g / F t ? ,  300°F) LAYER NO. 1 (OUTER FACE) S.F:= 0 . 3 1 1  
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FIGURE 26. PREBUCKLING STRESS RESULTANTS AND ROTATION, 08.833 
TENSION SHELL (0.64 Slug/Ft?,  300'F) S .F. = 2.25 
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FIGURE 27. BUCKLING MODE DISPLACEMENTS, 08.833 TENSION SHELL 
(0.64 Slug/Ft? ,  300'F) N = 15,  S.F. = 2.04 
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FIGURE 2 8 .  MAXIMUM SHELL STRESSES,  OA.833 TENSION SHELL 
(0.64 Slug/Ft?, 300°F)  LAYER NO. 1 (INNER FACE) S . F .  = 0.1555 
82 
FIGURE 29 .  MAXIMUM SHELL STRESSES, 0 A . 8 3 3  TENSION SHELL 
(0 .64  S l u g / F t ? ,   3 0 0 ° F )  LAYER NO. 1 (OUTER FACE) S . F .  = 0.1555 
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FIGURE 32. ALTERNATE BASE RING GEOMETRY 
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FIGURE 33. 120' HONEYCOMB  SANDWICH  CONE 
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FIGURE 34.  120' RING  STIFFENED CONE 
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